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MECHANICS AND FOUNDATIONS 
a _ Proceedings of th of the American Society of Civil il Engineers 


_ SYMPOSIUM ON GROUTING: GROUTING OF GRANULAR MATERIALS* — 

 -BydJ John C. King, F, ASCE, 1 and Edward G. W. Bush, M. re 


FOREWORD 


This ; paper is one of several papers that the on 
Grouting that occupied two sessions of the June, 1960 meeting of ASCE a 
a a Reno, Nevada. Credit for organizing this symposium program goes toa Special 

Grouting Symposium Committee consisting of Stanley | J. Johnson, F. ASCE, 


Chairman, TT. William Lambe, A.M. ASCE, and W. K, Seaman, F. ASCE. ‘ q 


It is believed that these several papers constitute a significant contribution — 


_ interest among Semntindion engineers and one that is expected to become more aoe 


important as time on and the need build d structures on difficult soil 
_ The papers of the symposium are sail with cement, clay, and chem-— 
ical grouting of seams, cavities, and granular materials. The papers illustrate | 


the increased use of chemicals for grouting purposes and also their use with 


more conventional grouting materials such as clay and cement; grouting of 


science and that, to some degree at least, is susceptible to laboratory | studies; : ; 


See aati materials that is rapidly becoming a more definite art and ¥ 


-_ the grouting of a cut-off in granular materials to prevent underseepage be- ; 

neath a major hydroelectric project ( (perhaps the first application of this 

- type of grouting in the United States) ; and the grouting of subsurface voids 
and sobs solution channels in limestone areas subject to large subsidence. 


= Be Note,—Discussion open until September 1, 1961, To extend the closing date one month, © 

a written request must be filed with the Executive Secretary, ASCE, This paper is part = 
_of the copyrighted Journal of the Soil Mechanics and Foundations Division, Proceedings, 
io the American Society of Civil Engineers, Vol. 87, No. SM 2, April, 1961. i 

Presented at the June 21, 1960 ASCE Convention at Reno, Nev. jo 
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Ce Cement, Clay, and Chemical Grouting has sponsored groups of papers or 
= symposia occupying the sessions of meetings of the Society in 1954 and 1956, q Re 
as well as 1960. Papers | on grouting that have been published in the Journal 
a ot the Soil Mechanics and Foundations Division are as follows: Nos. 1145, 

1204, and 1544 to 1552 inclusive. The report of the Task Committee on 

a Chemical Grouting ‘appears as Paper 1426 in the November 1957 Journal. A J 

draft of a report on clay grouting has been prepared by the Task Committee | 

on Clay Grouting; and the report on cement grouting prepared | by the Task 
Committee on Cement Grouting is substantially in its final form. dy men bie + 


a The Administrative Committee on Grouting takes this opportunity of ex- 
_ pressing its appreciation to the task committee for the excellent manner in 
which they have carried out their assignments and to the individuals who, as 
authors of papers, have made contributions covering the 
(of grouting in various fields. 
a ia Admin. Committee on Grouting, Prof. of 


=a 7 Civ. Engrg., Emeritus, Univ. of Ca! — 


pend on the proper choice of both materials and techniques. This paper pre- 


able grout particle diameter and describes both materials and — 
successfully u used in ina of types of foundation materials, _ 


. | information relating in-place grain size with pore dimensions and suit-_ 


be tightened or stabilized by grouting are too frequently imperfectly known 
even on the larger jobs. As a result, when grouting appears to be neato ; 
Owners and consultants tend to. rely on the grouting contractor, not only for 

_ the execution of the work, ‘but for much of the specialized consulting and test — 

: work also, The good grouting contractor isa specialist who has, and relies in 
On, a wide experience in many kinds of related grouting work—in soils, rock 
and cracked masonry and the use of cement, clays, and so forth, with or 
_ without additives, as 3 well a as ) CRAERSCEES with or without solids in ‘suspension, ; 


with each company guarding its trade secrets, particular techniques, 
¥ an patent formulas to which it attributes its success; for the lack of free knowl- 
edge throughout the industry, each contractor has hoped to oblige owners and 
consultants to turn to him, rather than to his competitors. In brief, grouting © 
a has been handled almost as an art, as opposed to the science it should _— : 
number of comprehensive and authoritative papers on cement, clay 
chemical under the sponsorship of the Committee on 
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— Grouting of the Soil Mechanics and Foundations Division is the start of a _ a 
breakthrough in the dissemination of knowledge to the consulting engi- 
 neer~ about the unspectacular business of grouting. The writers hope to widen — 
a ~ the breach by relating practical information on grain size of suspended — 
terials with pore size in granular soils, presenting specific information 
on on grouting 1 materials, and to describe some techniques that have successfully 


placed of these materials in the ground 


atime to granular 1 the material for the purpose of increasing bearing 
4 capacity or reducing settlement under existing loads, or both of these func- _ = 
tions. Grouting is also done to increase shearing resistance for stability 
against lateral movement, 
‘The term granular materials is used here in its broadest sense, and in- | 
cludes all soils from clay through fine sand to coarse gravels, boulders, and 
talus. The methods, materials and results obtainable in such a spread of grain 
} sizes vary greatly. In clays water movement is extremely slow even under 
high pressure. In such material grouts can only displace the grains, pene- | 
_ trating planes of weakness to form lenses of grout or radially displacing the © 
material to form bulbs. The material to be used in  grouts for this purpose — 
is cement, or combinations of cement and other solids that will form = 
or ‘bulbs of hardened material. The strength that such grouting willaddis 


_ When the grain size is such that water will move with relative ease -_ 
finite construction time) chemical solution grouts may be used to fill voids } 
displacing any water that may be present, or solid- suspension grouts may be | 
7 pumped, that although they will not flow between the grains, will form bulbs 
and lenses and displace them locally causing consolidation by driving out 
4 water. Combinations of sand and silt with small proportions of clay are ex- 
amples of materials that may be so consolidated. 
— As the grain size increases to coarse sand and fine gravel, ‘app. + er 
a grouts can be pumped into the voids to consolidate and solidify the materials. 
‘Finally, in masses with gravel or rock particles large enough to provide _ 
connected voids of 1/4 in, minimum dimension, a rich sanded grout may be k 
: “pumped to provide high strength, or a lean sanded grout for economical 
and stability. “(Where dimensions exceed 3/4 in. as 
3 1/2 in. or larger stone, lean grout with suspended pea gravel may be used.) | 
Where water moving through the voids at sufficient velocity to 


_ Data on sieve ‘blow count, water table, and boulder or rock levels 
are most often available from soil sampling tests carried out during the 
planning stage of a job. It is the job of the engineer to interpret this data —_— 


— 
— 
= 
4 
= 
a 
a 
— 
| 
3 | 
| 
liberately choke the passages and provide a filter that will catch andhold the 
| 
— 
— 
| 


April, 


of ‘pore and ratios. The key to the choice of grouting ma- 
terials lies in the determination of the effective pore size of the sand or > 
to be grouted. It can be demonstrated that there is a definite relation-— 
obs a ship between the size of the grains in a system of packed ‘rock particles and — 
the effective pore diameter or “critical ratio of entrance."3 he. 
Mathematical examination3, 4,95 of a system of spherical particles indicates 
that the critical ratio of entrance or net pore diameter may vary from 15% = 
of the diameter of the sphere at 26% void ratio to 41% at 48% voids, as shown 
a. It appears to be generally agreed that no serious errors are introduced J ; 


by the sand grains to be - Most sends 


7 FIG. 1,—-SYSTEMATIC PACKING OF 


gravels 1 in old river sr beds are sufficiently abraded to be considered as 


_ spheroids for this purpose, and will be found to have an outside range of vt 
: Fy in place of from 30% to 40%, with a far larger number in the range c 


“Experimental Study of Porosity and Permeability of Clastic Sediments,” by H. 
Frazer, Journal of Geology, Vol. 43, No. 8, 1935. 
4 “Systematic Packing of Spheres - With Particular Relation to Porosity and Perme-— 
- ability,” by I, C, Graton and H. J, Frazer, Journal of Geology, Vol. 43, No. 8, 1935, nome 
_ 5 “Volume, Shape and Roundness of Quartz Particles,” by H. Wadell, Journal of Ge- ' 
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GROUTING 


is seen that this range of porosity corresponds to a a net pore diameter 


In order to. verify the validity of this size 
pore size for natural sands and gravels, the writers carried out a series of a 
tests on single-sized aggregates to determine critical pore diameter ratio — 
and the shape of the ratio spectrum, Standard 6 in.-by-12 in, cylinder molds: 
were filled with three sizes of aggregate, 1/2 in. to 3/4 in.: No. 4 to 3/8 in. ~ 

and No. —~8 to No. 4, each well shaken down and grouted with a neat cement © 

grout. t. While the grout was still reasonably soft the cylinders were ere carefully 
broken into | two halves, the soft grout dug out of all the visible pore porta 7 
with a dentist’s cavity probe, and the various pore diameters measured and 

_ counted. The results of the measurements on the 1/2 in, to 3/4 in. stone are 


-y 
a presented in Fig. Boe: are the basis of the pore diameter ratios used in 


4 Photographs of sor some ‘ae the test specimens are given in Fig. 3. Examination | 
a the two. smaller sizes of stone generally confirm the findings on the ~ 


4 6 8B 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 
Pore size diameter as percentage of average sand or stone size 
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‘size, but with a lesser of accuracy due methods used, It was 
observed that whereas there were a fair number of pores at higher i 
than 20%, all of those above 30% were occluded at some point by hell 
: pores, and that a very large proportion of those over 25% were similarly | 
blocked off. By taking the design figure at 20%, the existence of the largest - 
number of inter-connecting pores of that | size is assured. The aggregates _ 


in these tests were crushed gravel and pea gravel, Obviously 


7 types of aggregate and mixed gradings are going to give widely varying pore 
ratios and shape of the “spectrum,” and it is suggested that more detailed 


_ investigation of this subject is a worthwhile field for research, 
_ The groutability ratios of Table 1 are arrived at by combining the 20% 
pore diameter ratio found above with the premise that for effective injection a 
_ to take place, the pore size should be at least three times the effective / maxi- 7 
iu mum grain size of the cementing materials. This stems from the assumption — 


_ that two ee of cement or r sand wedged across the opening of a pore will 
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GROUTING 


form a st stable bridge, ‘but | ons an arch formed by three ree grains will not ot be 
_ In other words, if the diameter of onan particles is not over 1/53 x ade: 
= 1/15 of the particle diameter of the material to be grouted, the grout will 
freely through the void system. 


7 
E 
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greater: than N N = 15 = D15/Dg5_ where D45 and Dgs are the effective grain 7 
size diameters in microns of the indicated percentages passing (15% and 85%) 
of grouted and grouting materials, respectively. Thus a sand having 15% 

4 passing the No. 16 sieve is said to have a Di5 size of 1190 microns, and 

cement having 85% passing the No. 200 sieve has a Dg5 size of 74 —— oS 
= groutability ratio for this combination is N= 1190/74=16. 
_ It is not enough to rely solely on the Dgs figure for the maximum size ° 
the g grouting material. The ratio N = Dy5/De5 may be s: satisfactory, for e 


ample if N = 16, but if the 1 ratio 10 Dyo/Dgs comes out about 8, the feasibility 5; 


— 
— rati e 
shed if the groutabili 
ting could be successfully accomplished if 
— 


grouting» is “open to ‘because when N approaches 6, it is =. 
filtering starts to take place. On Fig. 4 are plotted a number of successful ‘s 
both as D,5/Dg5 and as D10/Dg5. It is seen that the 
above the line N= 8. ig 


typical “ninety barrel material from Wyoming. Not all bentonites 
are as fine or high gelling as this, but it is a a quality to be aimed at for the 
Penetration of fine voids. The term “ninety barrel minimum” is one used in — 


we wales. under standard conditions will: ‘produce ninety barrels (of 45 | gal 
- each) of 15 centipoise mud, or 30 sec in a Marsh funnel ea) = 
sd In a Fig. 5 are plotted some typical gradings of a coarse and fine fly ash and 
i - four cements , Type I, Ii, II, and IIIS, the last being a scalped Type eat having 
98. 5% —- the 325 sieve. The 85% and 95% passing sizes are also repeal 


Individual Percent Reta 
at 


N mber- Openin Microns II Ceme nt 


> 7 There is no substitute for the actual wntien of a particular cement, clay - 

= 6=—Sfséor’:«ootherr:- material under consideration for use. The coarse fly ash shown had © 
a 2 20% retained on a 325 sieve. Worse still, its Dg5 size of 100 microns is nearly 


justify its use > in grouting ; a sand having more than 10% 

= A good example of such an unsuitable fly ash is detailed ina technical re- 

port of the Corps of Engineers, from which the data for Table 2 was extracted, 

_ The Type I cement used in this test, that apparently had a grading about the > = 
2 same as the Type II of Fig. 5 giving it a Dg5 size of 50 microns, was success- a 
fully” injected into a 254 micron (0.01 in.) fissure. The fly ash on the other 
hand had sufficient material retained on the No. 50 and No. 100 sieves (297 ‘i 
-microns and 149 microns) to form a filter in the 254 micron opening. ‘This -* 


é made it impossible to inject it even when used in combination with the same 


ie 6 “Pressure Grouting Fine Fissures, Technical Report No. | 1s of Engrs., 


= 
— 
— 
— 
f 
— slag, and asphalt on Fig. 5. T i ; 
samples, and as such are not \ 
—— 
— 
— 
— __0,2-0,9 — 
— 
an 
— 
a 
\ 
‘ 


Maximum size of grouting materials, in microns — 
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FIG. 5. —COMPARISON OF MAXIMUM SIZES OF SOME CEMENT 
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i: _ Not all fly ashes, of course are like the one in this illustration, and the use 
sess : io it as an example of failure should in no way be construed as derogatory to 


4 fly ash or pozzolans 
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of tests carried out by S. J. Rehmar and C. E. Peeler on twenty-— 
- eight fly ashes from widely varying sources is given in Table 3. It is interest- 
_ ing to note that while there is a certain general lowering of Blaine fineness | 
os with increase in percentage retained on the 325 sieve, both sets of figures 


re - should be taken into consideration when assessing afly ash for use in grouting 


ows ak 


f NY — = 
Stuart Stree 4028 790 — 
— Ube = ~ - 
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ome writers agree generally with the conclusions of the Corps of Engineers, 
_ Mayer, Kravitz, and others, and have incorporated known limitations of the 
-groutability of various sands and gravels into-the framework of pore size re- 
 Mieeiige-cotnane in their own investigations. Fig. 4 and Table pi a 

» grouting combinations based on these findings. set 


IMPORTANCE OF BLEEDING AND EXPANSION ae 
of bleeding is s emphasized by Table 4 in Which the 
: were obtained on neat cement grouts after setting for 4 hr, and are not 4 
— ve necessarily good for all cements or methods of mixing, but are representative : 
of the kind of results to be expected. In fact, because these mixes were made s 
in a high speed laboratory mixer with a 6 min mixing time, field results of 
ar mixes made with ordinary paddle- -type mixers are likely to give much greater 


TABLE BLEEDING OF NEAT CEMENT routs 


It is obvious that bleeding wa water 


will destroy the bond on the undersides of the particles? and reduce both the 
strength and lateral impermeability of the grouted | mass. Because grouting 
often has the dual purpose of consolidation for strength and for the arresting 
3 water movement, the two characteristics of low bleeding and active cm 
- pansion while setting are most important. During the grouting of a mine shaft 
in South Dakota it was repeatedly — demonstrated that the small extra cost of 
the materials required to produce an expanding, non-bleeding grout was saved 
many times over in ge having to go back and redrill and regrout the holes. z 
_ The same is equally true of sanded cement grouts used to intrude ‘coarse 
‘gravels, as in the preplaced aggregate method of making concrete. If expansion 


“Some Factors influencing the Strength of Concrete Containing of 
Powdered Aluminum,” by C. A. Menzel, Journal, , ACI, aI, January, 1943, 
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is not with low bleeding, much r compressive 
; Column 3 of Table 4 gives the Penetration Ratio, an approximate measure _ 
of the ease > of grouting fine fissures. Thus, an increase of water-cement (w/c) 
3. a ratio from 0.65 to 1.15 multiplies by 16/4 = 4 the number of sacks of solid 
7 materials that can be injected at a given pressure. This column is = 


to demonstrate how: and bleeding normally work against each 


Portland Cement.—For sanded grouts and lean cement grouts required to — 
fill large voids only, Type I cement is quite satisfactory, but for the grouting _ 
of sands, Type III cement with its much finer grind is highly desirable. x 
Where this cannot be easily obtained Type II is sometimes chosen when its | 
grind finer than and for its sulfate resistance to 


4 


used with sodium asa reagent or asa for up up to 10% 
ey of portland cement as in the Trief process. 9 This product exhibits a superior E a 
S sulphate resistance and | because of its fineness is oftena . better material for 


up the wet grinding mill could be justified. Portland blast furnace slag ce- 
‘manufactured in this country also recommends itself to grouting 
purposes on account of its fineness 4,700 sq cm per g Blaine) and 


manufacture are availablel0for extremely fast or controlled set. These are 
expensive for normal use, but have found extensive use in the oil well ce- a 


ae industry for shutting off water in a hurry. They achieve | an initial set = 


been limited to a few very ‘large jobs in Europe the cost of 


for special purposes is that it has a expansion of approximately 
‘- 0.3% at time of initial set. This is a valuable advantage in remedial work = 
cause it gives the plug a tight bond with the walls of the casing or to the ex- | 
a posed surfaces of the formation. Full strength of approximately ¢ 4000 psi is a 
Clays and Bentonites.—Where the. main purpose of grouting is to arrest 7 
‘ water movement clay-cement grouts are undoubtedly the most suitable over 
wide range, , and their use has been adequately covered elsewhere. 11 


% i 8 Technical Memorandum No, 6-419, “Influence of Manufactures Sands and Admix- ‘a 
- tures on Pumpability, and Evaluation of a Colcrete Mixture,” “Influence of Chemicals and - - 
_ Mineral Fines on Pumpability,” “Influence of Grading and Specific eeewts of Manufactured — _ 

ES. Sands on Pumpability,” Corps of Engrs., Waterways Experiment Sta., _ Vicksburg, Miss, — 

The Design and Construction of Avon Dam J. M. Bogel, R. M. Ross, and 


10 «Cal-Seal and Hydromite Catalog, 1959,” Halliburton Oil Well Cementing Co, 

“The of Clay in Pressure Grouting,” Glebe A. Proceedings, ASCE, 
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“A 
‘3 ful choice of ‘the ¢ clay and cement - enable ‘one e to ex extend the usefulness of ¢ ce- 
ment as the solidifying agent at least one extra sieve size, as shown in Fig 2 


Locally occurring clays form a most economical and effective base for 

~ ag lean grouts. However, their chemical composition and physical characteristics 

vary so much from one location to another that each one should be individually _ 


investigated for suitability in the particular work. When dealing with clays, 
and bentonites, it is to keep in mind the order in which 


to 
reduce the amount of bentonite necessary to produce a grout of a given con- . 
4 sistency by about 45%. Again by predosing the mix water with a suitable ; 


electrolyte before addition of the bentonite it is also possible to effect further 
comparable savings in bentonite. ‘Similarly, the addition of a fresh 
‘slurry to a prepared clay or bentonite slurry of essentially the same con- 
frequently produces synergistic thickening to a marked degree. 
Tes s, Chemicals.—Pure chemical grouting is outside the scope of this paper, 
bet combinations of clay and chemicals provide a useful range of materials. 
_ for the grouting of fine sands that will accept clay. The most common chem- — : 
icals used are sodium silicate with either sodium aluminate or hydrochloric 
_ acid as a reagent. The chrome lignins are also satisfactory jell-forming ] 
compounds, and are available either as crude sulfite liquor and chromic acid 
= liquid form or as a preblended powder that needs only to be mixed with ‘ 
water. Another combination consists of a mixture of two organic monomers _ 
which produce stiff gels from a dilute, aqueous solution by polymerization — d 
_ when properly catalyzed.12, 13, 3,14 In all cases, jell time and strength can ail 
gem of unconfined compressive strengths attainable in a ening 
_ gand with two of these clay-chemical grouts are given in Figs. 6 and 7. Fig. 6 
shows the ‘strength- ‘Silicate content ratio of a new single-: shot silicate-based 
= grout “modified by the addition of small amounts of a synthetic ammonia 
— and Fig. 7 the: strength-: concentration curve ofa proprietary chrome 
goin, Both of these grouts had clay contents on the order of 30% to 40% of of the 
Beer = -chemical grouts also have a wide range of usefulness in medium 
_ Sands for shutting off water, and in fact are at the lower limit of the sus- 
"pended materials that can be used for into sands” 5 When 


The reason for this is ‘that most formations are stratified or non- 
‘some layers or zones being more a 


‘ae “AM- 9 Technical Data, ” Amer, Cynamid Co. ee 
= 14 «Technical Memorandum on Terra Firma,” Concrete Chemicals Co a 


1958, 
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duces the requirements for active chemicals for a given volume of grout, and = 
= Chemical Grout and It'S Application in Underground Mine WOrkKINgs,” DY It, 
= H. Karol, Presented at the February, 1959 Natl. Western Mining Conference at Denver, 
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= clay grouts. Furthermore, even in the more permeable areas, the gelled 
chemical will con completely fill fill the ‘space even though the suspended material — 
Pozzolans. —Fly ashes, opaline cherts, , diatomites and calcined shales a 
_ frequently used for as much as 50% replacement!6, 17,18,19 of cement. tnaer 
certain conditions in which high early strength is not required, hydrated lime | 
- May be combined with any of the above poms to give good, economical - 
 grouts with cement replacement of up to 80%. 20 The addition of any of these a 
 lime-reactive materials, especially ground slag and calcined opaline shale 
considerably reduces the solubility of cement-based grouts. 
_ Sands .—Sand is a desirable material for use with portland cement to grout — 
coarse materials such as large gravel, broken rock, and so on, For good — 
pumpability with -_piston-type displacement pumps, minimum bleeding and 
- _ minimum water requirement, the sand should be well graded from 95% to 
4 100% passing U. S. Standard sieve No. 16, and from 10% to 30% passing sieve J 
No. 100. A grout containing this sand (D95 = = No. 16 sieve) will flow easily | c. 
through in place material having a minimum (D9) size of 3/4 in. and some- 
at less readily into D}g=1/2in., the N ratios being 16 and 10, respectively. 
As the. Dio size of material to be grouted becomes 8 smaller, the Dgs size of 
the sand should also be reduced. 
= Conversely, larger top-size sands may be used in larger void size —- 
terials, but as the maximum size of the sand increases, the the ability of the | 
valving systems of displacement pumps to maintain pressures decreases. 
The proportion of sand to cement will dependon the type of results desired © ae 
= the pumpability of the grout. 21 Strength and impermeability comparable ‘y 
& concrete may be obtained with | one to two parts sand to one part cement, 
by weight, plus suitable admixtures to permit concrete-range water-cement 7 
enties.. At the other extreme, . for the filling of space with the least expensive, 5 


sand ‘have been used with o one e part of cement. As the ‘mixes are made — 
ls ‘it is usually desirable to include _ Suspending agents such as bentonite, clay, ey 
connection with the grouting of materials, it may be of to 
examine briefly the stone and sand gradings widely used in two well known — 
grouted concrete processes. For preplaced aggregate concrete by the Prepakt 
eee in which the minimum (D190) size of the coarse aggregate is normally 
limited to 3/4 in., it is interesting to observe that the standard specifications 
for the sand to be used in intrusion grout also calls for 95% passing the No. 
16 sieve, giving an = ratio | of 16, indicating good groutability.“\ 20 


oe “Properties of Cements and Concretes Containing Fly Ash,” by R. E. Davis, R. W. 4 
Carlson, J. W. Kelly, and H, E, Davis, Proceedings, ACI, June, 1937, | be: Naty rhe 
17 “The Use of Pozzolans in Concrete,” by R. E. Davis, Journal, ACI, January, 1950. 
«218 “Fly Ash as a Pozzolan,” by R, F. Blanks, Journal, ACI, 1950. 
19 “What You Should Know About Pozzolans,” by R. E. Davis, Engineering News Re- 
20 “Guide Specifications for Grouting,” by B. A. Lamberton, Intrusion- Inc., 
1969, “An Investigation of Sanded Grout Using Manufactured Sands, Miscellaneous heer 
No, 6- 195,” Corps of Engrs, , Waterways Experiment Sta, , Vicksburg, Miss. ad : 


elay-chemical grout flowing through and filling the open-work layers will 
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itt should be noted that lack of | smaller sizes in the coarse aggregate for use 
in grouted concrete as compared to natural gravels produces higher porosities 
ue on the order of 40%, with consequent higher pore diameter ratios. Reference 
to Fig. 1 shows that raising the voids to 45% (a not uncommon figure) gives z 
critical pore diameter ratio. of 31%. writers are aware of cases 


or twice what could be counted on for — 


‘Use is made of this opening up of the rock in the Colcrete method, in _ “4 
which a minimum size of coarse aggregate of 1-1/2 in. is usually specified, ee 


"whereas the sand for grouting has essentially a Dg5 of 3/16 in., or No, 4 
“sieve, “that would give an N = ratio of 8 before correction to 


"TABLE 5.— 5. —GRADING or SAND I IN PREPLACED AGGREGATE ‘PROCESSES 


« 


ae of 45% for the ahd rn in. plus stone, a corrected value ‘tor tt the effective — 
‘N ratio might be N (31/20) = 12.4, an acceptable f figure. Table No. 5 shows the 


standard specifications for grading of sand for use in both | preplaced aggre- b 
Coarse Materials. —Where water is “moving through tl the larger voids 
sufficient velocity to wash away y cement and sand, large particle suspensions — 
such as pea gravel and aggregates up to 3/4 in. may be used to deliberately — 
choke the passages and provide a filter that will catch and hold the finer nl 
= terials. Other materials that have been used to plug large voids are a, 
— dung, _ chopped rope, hay, or cellophane, specially processed wood and a 
chips, and ground walnut shells23,2400 
 Admixtures. _—The term admixtures is used herein to cover materials — = 
in relatively small quantities compared to the homes oo of the grout 


_ 22 «Grouted Concrete Construction, ” by S. and L. Davies, » The 
"Reinforced Concrete Review, June,1958. | 
*Silvacon and Silvacel Catalog, 1959,” Weyerhaeuser Timber 
24 “A New Report on Lost Materials, ” Halliburton 
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| Surfactants, Retarders and Accelerators. —The use of calcium ligno- ¢ 


of high strength grouts is fully justified, ‘because the lower water content will 
, me the bleeding and improve the strength and watertightness. 25 
decrease the bleed up to 1.0 a lignin water reducing agent is desirable 
cause it enables more fluid grout to be produced, 
ae ae water-cement ratios water reduction is not a factor, but dis- a 


grains, ‘Much more important, however, is that the grout should not 
bleed and that it should expand while setting. ‘Lignins also act as retarders i 
“a for the hydration of cement, that is advantageous in hot weather, ent a neces- a 


chiefly calcium chloride, ‘are used to overcome this retardation when ‘required. 
: at Protective Colloids.—Protective colloids, thickeners, or chemical sus- 
pending agents, when very small amounts, are effective in 
_ bleeding and segregation, and can even replace natural materials such i 
= clay or bentonite to produce very lean and economical mixes, They have the ‘e 
ee advantage | of being quite predictable in their performance compared to locally 
4 occurring clays, have no real grain size, and appear to give a lubricating e ef- 
fect to the grout that enables it to penetrate fine voids much better. rok+y xd - 
Gas Producing Agents.—Expansion of the grout, due to the formation 
7 throughout the mass of minute hydrogen gas bubbles generated by the reaction — 
aid of the alkalies in the cement with finely divided aluminum powder, is now . 
generally accepted as desirable. The presence of the many small bubbles 
gives a certain cohesiveness to the mix and helps reduce bleeding, while ex- a 
pansion during the plastic stage maintains contact and improves the bond of 
: the grout with the walls and particularly the “ceilings” of the interstices into 7 
which it is forced. For the grouting of preplaced aggregate controlled expan- — 
= sion is absolutely - essential in order to insure good bond with the undersides 
4 of the goaeen aggregate, that is reflected in a considerable increase in 
_ strength? as well as provide air-entrainment for durability where concrete 
in this” manner is exposed t to the This applies to the 
of any coarse material in place. 
A word of caution is appropriate. T The quantity of aluminum powder re- 
quired to produce the | desired expansion | is on the order of 0.01% by weight : 
of the cement. This amounts to a few grams, a difficult quantity to weigh on 4 
the job. A much more reliable procedure is to abapre the aluminum powder 
with chemically inactive carrier material such as fly ash or 
; ‘ome, the combination of which can be batched on the job by volume or 
Ba aot without undue error. The choice of proper grade of aluminum — 
for correct time- characteristics with various 


25 of the to Portland Cement,” E.W. 
26 “The Use of Admixtures in Cement Grouts,” by Alensater Klein an and Milos Pelt, a 


a. 
j the difving ite nroner Hoth he and harden = 
7 
— 
— 
os 
| 
Be 
7 
= 
= 
4 
that not only contain the correct grade of aluminum powder and 
getivator hut also water-re and sue 
— 


April, 1 


BS ‘tot is qunedity desirable to make sure that the expansion is three to four 

times as great as the bleeding. Delays, due to field conditions of mixing and | 

ff ¥ ‘pumping, ‘frequently cut down on the attainable amount of the expansion of the 

' grout in the work because of the large proportion of the total expansion that — 
usually takes place during the first half hour or so, especially in warm i 

Fine Solids -—Many | of the fine solids are natural or artificial pozzolans, 

and as such can be used to. replace part of the cement. Frequently they in- — 

- e@rease the resistance of the grout to sulfate waters. The addition of calcined 

_ opaline shale and ground, water-quenched, blast furnace slag has been shown 


materially reduce the solubility of cement-based grouts.8 Clays, 
=): 


flour, limestone dust and silica gels serve to produce a thixotropic mix with 
low bleeding, but add nothing to the strength of the hardened grout. = = 
Lubricants or Primers.—The use of a lubricating chemical grout to prime 
the hole before the injection of a neat cement grout has been a fairly recent 
7 as and has proven most effective in the field for the grouting of fine - 
_ sands and rock fissures. Under this system a batch or two of chrome- lignin 7 
or silicate-aluminate chemical grout is first pumped down the hole, followed | 
> by a high water-content cement grout. It has been found that this considerably _ 
reduces pumping pressures for the cement grout and assures much better 
“take, ” At times it has even been possible to get a hole to take cement grout 
- priming it with chrome-lignia grout after it had previously refused to take _ 
by any other | means. It is particularly noticeable i in ‘grouting fine rock fissures Pe 


There are also surface active agents available as primers that will reduce | 


the surface tension to less than 30 dynes per cm, as to 73 dynes 


‘the material and intended purpose, and differ con- 


length of the hole; in granular materials a packer is seldom used, and except 


rock, a packer may be used to grout in selected zones anywhere along se 
when using the cuffed- tube the grouting is done in the zone at the bottom of the — 


- hole that is at the end of the driven grout pipe or casing. ee 
Soft Fine Grained Saturated Soils.—Soils from which aportion of the water — 
Fas may be be squeezed, but through which the flow of the liquid would be too slow 
a for practical grouting with true chemical grouts, may be stabilized with ce~ 
ment and cement-sand grouts, The favored procedure is to drive a grout pipe, 
3/4 in. to 1 in. . diameter, to the lowest level to be stiffened, , then slowly pump — i 
a bulb or layer r of grout into the area. Considerable pre pressure ‘may be required ee: 
to start the flow, but once the grout moves, the pressure should be reduced 7 
7 a to that which will not lift the ground. Here the authors agree that yess 
tee still, of more value than theory, at least ; 
_ high-pressure start followed by good take at low pressure means a 


_ Sheet- — of flow that will — the area if the e pressure is greater than the 
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GROUTING 

static weight of the ground above the point of application. This will squeeze aa 

a little water from a relatively large flat area, On the other hand, , continued _ 
high pressure with low take is a general indication of a bulb-type om — a 
- gineer decides ‘that: the grout has spread far enough in the first instance, or 
= that the pressure or quantity is sufficient in the second, the pipe is raised ._ 
E or so and the process repeated until the ground cover is insufficient to . 


permit enough pressure to make the operation worthwhile. Goon is also 


ao that probably add add t to the stability of the grouted edarea, 


[ ] | THIRD STAGE, PIPE 

ZZ 


ern _ FIG, 8,—COMPARISON OF TYPICAL BLOW-COUNT BEFORE 


; Grouting is then shifted to the next pipe that may have been driven ‘in ad- 
vance or not until needed. Pipe spacing will be from 5 ft to 10 ft for the layer 7 
7 The job may be considered successful if the blow count is at least doubled — . 
for check pipes” driven after the grout has hardened as compared with the 
: count: for the first few pipes driven. Therefore, the engineer should record. 
a - initial blow counts at several levels, as well as near the finish ee 
5 ‘The stabilization of the foundation material under three walls « of the > Snelling 


‘ares Reservoir, Sst. ‘Paul, Minnesota, is believed to bea ‘good example of 
this technique. Referring to Fig. 8, the contractor first grouted through the a: 
a row of vertical pipes marked “C,’ ” He then grouted row “B,” and finally at Za 
i higher pressures, row “A.” Quantities of grout pumped are ‘shown. in the bar 
graph. A typical blow count “before and after” record is also shown, 
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Materials: Stabilizing a a Compressor Foundation. .—In the example of 
method stabilizing medium sand with cement grout that combined con- 
_solidation and penetration the owners and engineers decided that stabilization — 
of foundation material under a 2,000-ton compressor foundation block would — 
_— visible vibration that was rupturing pipe connections. The effective-— 
ness of the grouting is attested by the fact that vibration was reduced by 90%. aa 
Although before and after samples were not taken that might have shown 
Ye ‘the extent of grout penetration versus consolidation, a qualitative description 
- of the foundation material is as follows in descending order: 3-1/2 ft :. 
“a _ yellow” sandy clay, 10 ft of yellow me medium sand, 41 ft of yellow medium sand 
= up to 25% pea gravel and 10% coarse gravel, then sandstone a9 aa 
‘Initial operations began with the drilling of holes 9 ft deep on 10-ft centers 
through the concrete floor surrounding the foundation block ‘in a line 3 ft from 
it. This first pumping was intended to tighten the material under the slab and — a 
: - provide a grout curtain to restrict the flowof the grout in the upper zone dur- 
ing subsequent operations. Grout was pumped into each pipe until it appeared | 
_ at the point between. the floor and the vibrating compressor. Approximately _ 
100 cu ft of grout was pumped in this operation. The floor slab was raised in 
_ The second phase of grouting was started after drilling and driving holes 
10 ft deep through the concrete floor slab on 3 ft centers and 6 in. away from _ 
7 the foundation. These holes took 110 cu ft of grout. Slabs and te 29 were 


line, but drive the pipes to 15-ft depth at 6-ft centers. The lower 6 : ft were 
medium yellow sand that would accept no grout. The pipes were then pulled ” 


a few feet until the e ends were in the sandy clay into which some 50 cu - of 


- A Phase four ete: were iia close to the block and driven to a depth of 
21 ft to reach the yellow sand and gravel. Pressure washing was triedinan | 
_ effort to remove some of the fine material and thereby increase the grout take. 
"3 The washing effect was negligible, however, as the quantity of grout pumped 
At this point, advantage was taken of a a slow compressor speed period ie a 
™ return to the phase-one area in which 130 cu ft more of grout was pumped. _~ 
Because of the reduced vibration, higher pressures could be used ' without 


leakage along the grout pipes to the surface. 
_ Finally with the compressor shut down, angle holes were drilled ates 
¢ the foundation block to intercept the soil-concrete contact. The grout take 


was 33 cu u ft, indicating a considerable void under the central portion of the 

After the compressor had been put back into operation 18 hr aay vibration 
readings were ‘taken that showed that the magnitude had been reduced approxi e 

mately 90% from that indicated by readings taken before stabilization i 


‘The grout used consisted of two parts portland cement to one ai fly ash 
plus 2% calcium chloride by weight of the cement, water and a small amount 

of a water- reducing, set-retarding admixture | that also tees for —— 


—A good example using: cement-— and chemical- 
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signed fonda a soil “bearing value of 5 tons per sq ft, but actual excavation re- 
--vealed inadequate values at the | proposed foundation levels, In certain — 
Rigs trench excavation was carried down 15 ft to 20 ft under the footings in an at- 
a4 tempt to reach satisfactory bearing (Fig. 9). Subsequently, these excavations 
were backfilled with granular material, mechanically tamped to 95% com- 
_ paction. The backfilling and tamping had to be carried out in extremely cold 
_ weather (-20°F), and although the excavations were covered with tarpaulins 
and heated with salamanders, much of the backfill was probably frozen when 


Natural soil: Good for 10 kips per sq Sil o oe Stabilized compacted 


Cement in intrusion grout: 331 cu ft = 


Consolidated granular fill stabilized with 


‘cement intrusion grout (446 cu ft) (Swell Approximate maximum wilt = 


“FIG, 9.—FOUNDATION LOAD TESTS EFFECT OF ON 


After the concrete foundations were placed and the structural steel erected, = : 
: 3 was found that many | of the footings, especially those on the granular fill, $ - 
had settled as s much as 7 in. Because the output of this plant was vital to the 
owner’s new product line, it was essential that corrective measures be quickly 
carried out so that remaining construction work could be finished and ite i 
In addition to test borings made through the fill to check the compaction, i: 
g full scale load tests were carried out on column footings supported on 
both the fill and the natural soil, a glacial till, The footings on natural oth 
 eilied about 1/4 in. whereas those on fill averaged 2-1/2 in. of settlement. : 
Two methods of correcting these conditions were considered. The first 


i 


: lying glacial till, However, considerable difficulty could be expected in aiden 


- such | — because head room was | restricted by the © already erected struc- 


3 grouts with before and after load tests was provided during the construction 
— ‘ of a large industrial building in up-state New York at which serious trouble — 
oa ae foundation settlement was quickly and effectively halted by the use of - | 
| combination of these two types of grout. bee, 
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tural roof nantes: sanntinte:- the second method, stabilization grouting 

Of the first two footings, one used both cement-based grout and chemical © 
grout whereas the other used cement-based grout only. The chemical grout 
used this case was the two-shot silicate-chloride full test 
load, the footing on the combined grouts settled less than 3/16 in., , and the 
one on material stabilized with cement grout alittle less than 1/2 in. (Fig. 9). 
ta These results were considered so favorable that the owner instructed the > 
contractors to go ahead with grouting under all the footings on fillthat had _ 3 


it shows what « can n be achieved by the ‘combination of both cement and chemical 
= grouts — together to achieve desired results by the most economical _ 
ae i The cement-based grout consisted of two sacks of portland cement (Type JD, 
4 cu ft fly ash, 2-5/8 Ib admixture and 15 gal to 20 gal of water. The chemical 
grout was was made up of two solutions, one a 50% si solution of sodium silic silicate rate and _ 
the other a 30% | solution of calcium chloride. 
cement based grouting was done first in order to fill the voids 
in the backfill with the stronger, cheaper grout. The grout was pumped through — 
3/4 in. pipes driven initially to the bottom of the trench until it returned to. _ 
the surface along the fill-trench wall contact or through the fill itself. The - 
pipe would then be raised a foot or two and pumping resumed. The pipe 
100 ft at the start, was split spaced each time 
until in many places the grouting points were only 15 in. apart. eee Se ae 
o _ After the cement grout had hardened, the finer voids were filled with the . 
g grout pumped as two. separate solutions. ‘Usually, the silicate 
4 = pumped first, but occasionally when there was an excess of chloride solution - 
. - over that required to satisfy a silicate saturated area, the chloride would be 
first into a new area to dispose of the batch. 
Cement- Chemical Stabilization to Facilitate Excavation.- —Thee effectiveness 
of combining the use of cement and chemical grout was further demonstrated : 
by excavation for a culvert in stabilized granular material. 
The « contractor first tried to jack a 54-in. pipe through a railroad fill, but | 
found the material too resistant. He then tried excavating and placing sectional — 
corrugated steel plate, but was again stopped by excessive flow of material 
into his excavation that caused the fill to settle. oes eae ind 
a bs _ In this situation, the grouting contractor drove horizontal pipes most of the 
7 a - the fill from a shored heading, then pumped a cement-flyash 


grout with an admixture to fill the voids in zones of fine to medium gravel, 
the pipes being withdrawn a few feet at a time as the grout was pumped. He 
fs then filled most of the voids in the finer grained material with a single- shot — 
= grout. This procedure followed a test program during which a number | “sf 
pr _ of chemical grouts were tried, the results leading the contractor to = 
the combination he actually used. 
lie following stabilization was s relatively simple, the silicate grout { 
being stable but not very | strong and the cement | grout relatively hard, but ut J 
limited sized areas easily brokenor priedout, oul 
- Cement-Clay Grouting in Mixed Materials .—Soil boring tests made along — 
a ‘the line of the Dartford Tunnel under the Thames River in London, ‘England — 
a showed that on the north bank the tunnel would have to be driven through an 
fill bricks and . Because the tunnel was to be 
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al driven under pressure, it was print that this porous zone would allow the _ 
compressed air to escape and endanger the driving of the tunnel, To — .J 
Seth such a contingency, it was decided to grout this old ash fill with a clay- 
cement grout for a length of 90 ft south of a concrete tank- type cofferdam 
that would eventually house the ventilating plant. ss 
The contractor first drove two lines of steel sheet piles outside the area 
“a of the tunnel 46 ft apart and some 90 ft long to contain the area of grouting. 
7 One-inch diameter extra heavy grout pipes in 5-ft lengths were then driven \ 
= by hand-held pneumatic hammers on 8-ft centers todepths varying from 20 ft 
to 25 ft; a a pattern of seventy pipes in all. The perimeter holes were -grouted 
first using a mix of 112 lb of portland cement, 56 Ib bentonite and enough ~ 
water to. “make 5- 1/2 cu ft of grout. The grout returns occurred mostly on > 7 
the inner faces of the sheet pilings. The pipes were withdrawn 2 ft atatime _ 


; “until approximately 15 ft of pipe was still left in the ground, when the grout a 


usually returned along the pipe making it impractical to pump any further on — 

hole. The pipe was then withdrawn completely. 

“Gal For all inner area pipes, | a mix of 112 Ib of portland cement, 112 Ib of 
‘bentonite and enough water to yield 11 cu ft of grout was used. The grout was | 
in the” standard flow consistency _apparatus25_ but, nevertheless, th 

bleeding shrinkage after three days was only 1.1%. 
Although 465 cu yd of grout were pumped into an intended volume of oe 
cu yd (of ash and broken brick, a definite statement of void content is _ 


very fluid, and gave approximately the same flow cone reading as plain =a 


: remain in the vicinity « of each pipe, except where | there were fissures along a 
which it had run for some distance. There were also places where the grout 
had large bulbs that shad ‘Squeezed ai and thereby the sur-— 


muck was dry and easily removed, whereas the remaining material required © 
only light support and permitted the lossofvery little air. The grouting oper 
ation was, therefore, considered completely successful. 
Grouting with Sand and Cement in Coarse Granular Material.—The feasi- 
4 bility and method of consolidating coarse material with a low water content | 
- sand- cement grout will be illustrated by work accomplished at Ashton — 
The west end of this dam, between the power house and abutment, consisted 
of upstream and downstream retaining walls with rockfill between — 
with gravel and cinders. It was noted that the backfill was subsiding, Closer 
observations revealed that cracks were opening in the downstream wall and 
that it was bowing. It was imperative that the load on the wall be reduced or 
“removed, or the wall reinforced. After. studying the problem the owners de-— 
cided to relieve the load on the wall by grouting the backfill and to strengthen __ 
the wall by anchoring it to the stabilized backfill, 
The walls are 33 ft apart and 70 ft high as they leave the power house and_ 
74 ft apart at their contact with the abutment approximately 70 ft away. 
The general method of grouting was to drill holes from the surface and 
insert 1 in. pipes to full depth, then after placing the desired quantity « | of om 
through a given insert, to raise the pipe a few feet. This procedure was re- - 


peated on all the holes until the grout surface reached the top of th of the backfill. | 


Tunneling the stabilized area was relatively The t tunnel 
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he build-up of hydrostatic pressure os well as to give grout level indications. 
_ These holes were carried well into the rockfill so that when grout appeared, 
: a 7/8 in. deformed bar could be inserted to anchor the wall to the grouted 
a backfill, Seepage through this section of the dam, estimated at 200 gpm before 
The mix used for the grouting was normally 1 sack of cement, 1 sack of 
7 aa shale pozzolan, 4 cu ft of sand, 2 lb of admixture and 11 gal to 12 gal 
ag The contractor was on the job approximately 40 days. During this time, — 
= he drilled 1,800 linear ft of holes and placed 36,000 cuft of grout. = = ~~ 
Drilling, Washing and Grouting.—When the drilling-washing-grouting pro- 
bs cedure is applied to granular materials, it is usually for the purpose of plac- ‘ 
ae ing a grout curtain in alluvial deposits rangingin size from fine sand to = 
Pe rocks and boulders. The method is expensive in terms of labor, equipment, i 
% and time and is used as a last resort short 0 of excavating and replacement twith — _ 
The procedure consists of, (1) drilling through the zone previously grouted, 
(2) jetting fines from the next zone below, and (3) grouting the remaining 
+ relatively | clean gravel with a low water-content grout. When the grout has 


SA hardened, the procedure is repeated. The work usually starts at the surface, = 


a. the first drilling being through a concrete slab placed for the dual purpose of _ 
' - forming a working area and a pressure lid. By proceeding from the top down- ve 
ward, the drilling is always through hardened grouted aggregate. This not only —— 
a stable hole for the continuation of the work, but also yields good 
information on the quality of the grouting work completed. 


_ To the best of the writers’ knowledge, the first real test of this procedure 
was carried out27 for the Corps of Engineers at the Folsom Dam Project in 
- 1950 to determine the feasibility of establishing a cofferdam cut-off in riverbed 
a material too rough to permit the use of steel sheet piling. 
The site of the work was a sand-gravel bar on the American River in the 
- vicinity of the dam site. After placing aconcrete working pad 6 ft to 8 ft wide, 
at sleeves ¢ of 4-in. pipe casing were set in this slab in two rows 15 in. 
. _ apart, with the holes staggered at 30-in. spacing. Jet pipes carrying air and = 
. water at 100 psi alternately and together were inserted in each sleeve. The 


re eturn flow (Fig. 10) brought up most of the fine materials (below 1/4 in.) 
from a bulb-like zone 3 ft to 5 ft in diameter. The return was through 2D, _ 
3D, 4D, 5D, 2U, 3U, 4U, and 5U. The average depth of the holes was 14.4 ft _ 

in row D and 11.3 ft in row U. Beyond this zone depth, the area through which 

4 the return water flowed reduced the velocity to the point at which material 


the jet tip was no carried to: the surface pile 


- Thuldifying admixture, calcium chloride and water. Fine sand was also used 
ins | somewhat more than half the | mixes to control the flow of grout through 
open strata, while the calcium chloride was used to speed up the hardening — 
and make drilling for the next stage possible with minimum delay . By these 7 
- means a grout curtain approximately 70 ft long and 20 ft to 30 ft deep was 


27 ‘ “Experimental Grouting of River Gravels, Folsom Project, American River,” 
‘Sacramento Dist., of Engrs., August, 1951. No, 
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FIG. 10, -JETTING cRouT HOLE NO. 3D AIR 


FIG. 11,—UPSTREAM SIDE OF TEST SECTION 
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with the pumping of some 5, 200 « cu ft of 
“ _ shows the upstream side ¢ of test section. Note the lateral flow of grout in the . 
a segregated pervious strata below well graded sand and gravel embankment 2 

built up by the bulldozer. 
: During the following year, the test section was subject to two floods of 
record as well as the normal seasonal high water period, When examined 
during a low water period, it was found that much of the sand and gravel ad- 
_ jacent to the section had been washed away to expose the grouted cut-off. The 
upper portion of the wall is in material above water table built up by a bull- : 
dozer that mixed the aggregate. Here the wall consists of cylindrical, bulbous ip 
_ columns that vary in diameter from 12 in. to 30 in. The lower portion of the 
exposed wall was grouted in and shows that me 
flowed laterally in the more open strata. 
‘Tt is reported that check holes drilled between the grout pipes at oF 7 
a: _ of construction showed considerable water loss in many instances. a 
the bulbous nature of the curtain, it is believed that most of this leakage was 
to one side or the other rather than to both sides at once that would indicate - 
a hole in the wall. On the other hand, no claim should be made that this wall , 
impermeable, although drilling, pressure testing, and grouting another 
Hine of holes down the center would all but guarantee watertightness. It should 
also be remembered that if there are leaks, the wall itself is of low to inter- 
mediate grade concrete and cannot be washed out by piping. 
_ That a cut-off of this type can be made tight was proven at Doshi Dam in 
—— where a 28-ft high radial concrete cofferdam 180 ft long (Fig. 12) was - 
: ’ constructed over a 21- ft t deep drilled, washed and grouted cut- off placed i in a : 


sti of the cofferdam and grouted cut-off are shown in the tenaet of Fig. 12, 
_ Almost as soon as completed, the cofferdam was | overtopped by 3 ft of water 


_ struction season, the work area for the main dam was pumped out and exca- _ 
vated revealing less than 10 gal per hr leakage through the cofferdam cut-off. 
_ Another very interesting and useful application of the drill-wash-grout — 
is method was used at the Tappan Zee Bridge that carries the New York Thru- 7 : 

_ way over the Hudson River. _ The four main spans of this structure are sup- 

_ ported by hollow concrete box caissons that support a portion of the bridge 
load by their buoyancy and transmit the rest to bedrock through : 30- in. con- 

a... During driving, many ny of the ; pipe piles reached “refusal” at depths of 260 

ft to 280 ft, some 20 ft short of bedrock, at which they hit large boulders, © 

_ apparently part of an ancient till deposit containing boulder clay with —. 

I sand pockets. ‘When it was found impractical to drive the piles to bedrock, it — 

_ was decided, in effect, to bring the rock up to the pile by replacing the — 
from around the boulders with a strong sand-cement grout (Fig. 13). ie 


? about 10 ft exposing but not damaging the cut-off. During the following con- 


a The procedure used to do this was approximately as follows: First, 
_ pile was cleaned out, then after placing a 5-in. pipe casing in the pile center i 
- the pile was filled with clean , coarse aggregate that was grouted to produce > 

_ preplaced aggregate concrete. A 4-in, diamond bit was next used to drill al 
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r. ‘The a drill was then withdrawn and replaced with a pipe having a ‘specially _ 


about 200 psi. The jetting action loosened and flushed out mud, sand, and © 
_ gravel up to 2-i1 in. diameter. . When jetting in till, the washing was continued — 
until the exit water was clean. In the sand lenses, the in- place . material was 7 7 
less stable so that the effluent would not clear. In such instances jetting was 

stopped when the amount of material removed was judged sufficient. The 


ss of-washing stage was 4 ft to 5 ft in  clay- -till mateetee and on the order 


straight: down. Jetting pressure started at 50. psi and increased gradually 


12, —DOSHI DAM; CONCRETE COFFERDAM UPSTREAM END OF 
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@8 the completion of jetting at a any ny stage, a thick gr grout was pumped into 
the” area until the 200 psi—the estimated skin frictional 


‘it acted as a very effective packer and prevented grout rise in the annular 


space. . Nai Yang, F. ASCE, resident engineer on the project, with the cooper- 
: — of the sub-contractor’ s job engineer and superintendent, developed a 
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—— 4 5-in. casing and to minimize the likelihood of the two being concretedto- [im 
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y effective ve pressure sensing sy system around this ga: by adding a pres- 
sure gage to the casing (Fig. 14). Before the upper area of the washed pocket > P 
‘covered grout, the grout-displaced water could escape with relative 
ease through | the soil, but as grout filled the pulb-like area, it sealed off the — 
~pores so that the pressure rose in the second gage. Grout pumping was con-— 
— tinued” until the gage pressures on both the grout supply line and the casing 
were equal. At about this ‘point, the casing was allowed to bleed a little to : ¢ 
Pty. _ permit diluted grout to move out of the pocket and up the annular space. The | Fs 

_ pressure was then held constant for an hour after which the grout pipe was eine 
3 removed. Diluted and excess grout was ‘washed out toa _ of 10ftto15 ft — 


above the the to complete | the of grouting. 


— 
FIG, 13.—GROUT PEDESTAL 
BUILT FOR TAP- by 


PAN ZEE — rio. SENSING syst 


The procedure was was in 5 days. Use was made of 4- in. steel bits 
= out the grout at the lower end of the casing and Nx diamond bits to 


The grout mix consisted of 5 sacks of cement, 1 sack of fly ash, 6 cu ft of | ' 
sand, 2-5/8 Ib of admixture, and 32 gal of water. Compressive strengths © 
taken on sections of cored grout removed at 5 days to 7 days and cured in the 
laboratory averaged over 4,000 psi at 28 days and over 5,500 psi at 90 days. 
Grouting in Strata of Varying Grain Sizes.—Where maximum watertight- — 
ness in stratified material of variable grain sizes is desired, as for a cut-off — 2 ae 
under a dam, it is necessary to vary the composition and consistency of the - 
grout to suit the characteristics of the individual strata. Layers of coarser | 
_ materials may accept sand- cement or cement-flyash grouts, whereas other 
strata may be penetrated only by very fine | grained suspensions or chemical 
solutions. Several methods are available to accomplish this. _ One ne way is to , 
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s _ water pressure test to confirm the nature ofthe in-place material. The drill- : 


-wash-grout method previously mentioned illustrates the procedure when 
plied to coarse gravels and rocks. In finer materials washing is ineffectual — 
and penetration is obtained by choice of grout composition. This method has 
the advantage of relative simplicity, but it tends to be time consuming be- 7 

Cause each grouted zone must be allowed to harden before grouting the next | at gi 
A second method is to drive or drill a pipe to the bottom o of the desired a : 
etal, then grout at various levels as the pipe is withdrawn. This is the 
procedure most often used for stabilization by squeezing rather than pene- 
trating the in-place materials. The method appears feasible for use in mod- ; 
= sized gravel that will permit a casing to be jetted, fish-tailed or other- _ 
wise driven to position, followed by the insertion of a smaller pipe to be used | 
for flushing ‘out fines and grouting of the remaining coarse materials. This Z 
‘method has the advantage of separating the drilling and grouting operations, _ 
and permits repetition of the washing and grouting cycle as soon as the pre- 
viously placed grout is hard enough to resist washing. anne a _ 
! tel _ A third method especially suitable for grouting to great depths and in the 7 
: _ presence of large boulders, involves the use of the “cuffed tube,” developed | 1% 
ine France. 120 After mud drilling the hole to full depth, a perforated pipe iy 
cuffed tube is lowered into the hole. The perforations in this pipe are usually 
at 1 ft centers, with each hole being covered on the outside by a rubber 
sleeve that allows the grout to flow out under pressure. The mud is then washed _ 
out of the pipe and the drill hole, and the annular space filled with a weak it 
A double-sleeve packer is used to straddle a hole in the cuffed tube at any 


desired elevation, so that whengroutpressureisapplied it expands the rubber 


sleeve, ruptures the weak mortar around it and flows” out to penetrate the 
io soil, Although the installation of cuffed tubes is expensive, it appears to — 
- - one of the most satisfactory methods ; for grouting at great depth in granular — 
‘materials. It provides not only selectivity of the zone to be grouted, but if 
2) the ability to return to any zone for regrouting, = 
_ Lubricated Grouting .— Lubricated grouting is a term proposed by the writers Fa: 
_ | for a relatively new technique for facilitating solid suspension grouting. The 
method briefly consists of priming the hole with a dispersing agent before s 
_ pumping the grout and the use of a chemical lubricant to suspend a dilute — 
cement grout that not bleed. 
When the void size of the granular critical 
range for the size of suspended particles inthe grout, the suspended particles 
: _ frequently build up a filter cake around the end of the grout pipe that effectively 
‘prevents further flow of grout. If, however, a quantity of certain chemicals 
" is pumped first, the grout particles seem to pass more easily through the i 
_ zone of rapid pressure drop around the end of th the grout pipe. Chemical solu-— J 
tions that have acted as primers are some of the silicates, concentrated 
and silicate- and lignin-based chemical grouts. 
Several theories have to account for t the beneficial action 
of primers, Some believe that the primer acts” as a lubricant. Others goa 
_ step further by suggesting that reduced surface tension encourages the grains * 
_ to pass through finer voids. Still another theory is that the action of a primer . 
a is that of a dispersant, preventing agglomeration of grouting particles with — 
av 
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- the grains 1s of sand around which they are passing. Primers have made | —— 


possible in holes that refused plain cement grout 
good example of the use and effectiveness of lubricated grouting a 
ae by the stabilization 1 of part of a Polaris launch pad at the Cape 
_ Canaveral Missile Testing Center in Florida. Each hole was primed with a 
s batch of a proprietary chrome-lignin chemical grout (formula and method of — - 
; use are subjects of pending patent applications) that materially reduced the 
: initial pumping pressure and facilitated the penetration of the lubricated c ce- 
ment grout that followed. The soil was afine, slightly shelly, silty sand whose. 
D (10 size was definitely below the normal limit for cement based grouts, as 
can be seen in Fig. 15. In order to test the effectiveness of the chrome-lignin 
primer and the chemical suspending agent, attempts were made to inject . 
_ plain -cement-water grout of the same mix (30 gal per sack) without the sus- ms 
pending agent and without first ‘priming the hole, but these ‘met with complete — 
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poy ems involved in the process of grouting, but this paper a 
: attempted to: set out and clarify some of the basic principles of this “art” = 
both as regards the design criteria for the materials involved and for the ee 
ltt has been shown that the effective pore size of a grouted mactanted is 
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FIG, 15,—CAPE CANAVERAL SOIL GRADING CURVE j 
ee hy failure. The combined use of both primer and suspending agent enabled some §§§ [im 
41000’ cu‘ ft of grout to be injected into the low density soil arene. 


=" When the ra ratio N= D15/Dg5 approaches 8, oe criterion for groutability 
_™ be re-examined on the basis of N= D10/Dg5 in order to be doubly sure — 4 
that the proposed grouting material is still suitable. 
application of this groutability ratio has been related to the Prepakt 
and Colcrete methods of producing grouted aggregate concrete. = 


a The criterion for groutability developed in this paper is designed a 


reasonably homogeneous or dense grouts in which there is likely to occur _ 
—"s interference at the critical entrance passageways of the grouted ma- 
terial. Extremely dilute grouts on the order of 500 gal or more per sack of 
_ cement such as are sometimes used in rock grouting for mines, are outside 
| The roles of various grouting materials and their ‘limitations h have 


been examined in the light of the previously derived criteria for groutability. — 
6 . The importance of bleeding has been stressed and the solution to this — 
=. tied in to various admixtures and combinations of grouting materials - q 
The use Of certain or chemical grouts to precondition | holes a 


which has proved very successful in certain applications. 
8. Recent developments of. certain chemical and clay-chemical grouts 
have “been mentioned in outline but no a attempt has been made to cover all | 4 a 
those available because many of them are and their composition | 
2... Methods of grouting are covered satay broadly and in some detail with _ 


examples taken from various successful grouting jobs in various parts | of the ¢ 
Although much more scientific research is the the 
- information necessary to examine a grouting problem in the light of 
generally accepted criteria and establish a range of grouting materials and 
an of procedure which will give a very good chance of success. 
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FOREWORD 
iad This paper is one of several papers that constitutes the Symposium on Grout- | 
4 ing that occupied two sessions of the June, 1960 meeting of ASCE in Reno, Ne- | aoe 
vada. Credit for organizing this symposium program goes to a Special Grout-_ 
ing Symposium Committee consisting of Stanley J. Johnson, F. ASCE eal 
_T. William Lambe, F. ASCE and W. K. Seaman, F. ASCE. 2” art 
_ It is believed that these several papers constitute a significant ouaetietien 
to engineering —w in the art and science of stabilizing foundation mate-— 


important as time goes on and the need to build structures on difficult soil con-_ 
The papers of the symposium are concerned with cement, clay, and -¥ 
- grouting of seams, cavities, and granular materials. The papers illustrate 2 
increased use of chemicals for grouting purposes and alsotheir use with more 
~ conventional grouting materials such as clay and cement; grouting of — 
_ dened materials that is rapidly becoming a more definite art and science and a 
that, to some degree at least, is susceptible to laboratory studies; the grouting = 
a cut-off ingranular materials to prevent underseepage beneath a major hy- 
droelectric project (perhaps the first application of this type of grouting in the 


P terest among foundation e1 engineers . and one which is expected to become more 


United States); and the grouting of subsurface voids and solution « channels in 
limestone areas subject to large subsidence. 


7 tt Note,—Discussion open until September 1, 1961, To extend the closing date one month, 
a written request must be filed with the Executive Secretary, ASCE. This paper is part | : 
_ of the copyrighted Journal of the Soil Mechanics and Foundations Divinten, Foveeedings, 
3 of the American Society of Civil Engineers, Vol, 87, No. SM 2, April, 1961. 
1 Dist. Geologist, Nashville Dist., of Engrs. , Nashville, Tenn, 
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‘Organized in 1952 the with Task Committees on Ce- 
E me ment » Clay, and Chemical Grouting has sponsored groups of papers or sym- 
_ posia occupying the sessions of meetings of the Society in 1954 and 1956, as 
Pi well as 1960. Papers on grouting that have been published in the Journal of the 
ad ‘Soil Mechanics and Foundations Division are as follows: Numbers 1145, 1204, 
and 1544 to 1552 inclusive. - The report of the Task Committee on Chemical 
a 3 Grouting appears as Paper 1426 in the November 1957 Journal. A draft of a 
“a report on clay grouting has been prepared by the Task Committee on Clay ie 
Grouting; and the report on cement grouting prepared b by the Task Committee 
‘on Cement Grouting is substantially in its final form. 
The Administrative Committee on Grouting takes this opportunity of ex 
pressing its appreciation to the task committees for the excellent manner in | 
4 which they have carried out their assignments and to the individuals who, as 
- authors of papers, have ma made — contributions covering the practices © 


— F. ASCE, Chmn., 
Administrative Committee on Grouting 


Praeee Prof. of Civ. Engrg., Emeritus, Univ. 7 
of California, Berkeley, Calif. 


“The occurrence iain sink 12 ft in diameter and 3 ft deep inside a concrete 
2 framed theatre building at Fort Campbell, ‘Kentucky is described. _ Exploration . 
an before and after its occurrence indicated that this sink was not directly due to oe 
- collapse of an underground cave in the underlying limestone rock but rather to 
_ the collapse of a void in a weak, pervious zone in the lower part of the over- 
7 burden. This zone has been found in approximately half the holes drilled on o 
- the base. To protect the building against structural damage resulting from 
further foundation failure, , the overburden under the sink was grouted with a 


= and cement-sand grout. Mixes designed and tested with two different 


locally available sands clearly showed that a well graded sandis more econom- 

ical and yields a stronger product than a poorly graded sand with an excess of — 
fines. A total of 34 cu yd of grout were pumped into holes drilled in the sink. 
Although subsequent exploration was unable to find any grout outside the im- 4 
mediate area grouted, it strongly suggested that grouting had tightened up the | 

overburden under the entire building. The building was completed without a —_ 


The tact that limestone can be a treacherous foundation is quite well known. . 


‘The number of structures on limestone that have encountered serious founda-— 


— 
| 
— 
— 
| 
| 
ol 


tion problems be determined, but there have been some notable 


en suchas Madden Dam and Hales Bar Dam. The principal problems related 4 
to limestone foundations arise from the fact that the top of rock line can be — 
ost irregular, and that there may be numerous and sometimes very large 
caves and solution channels inthe rock. bas Bellen) 
=. The foundation trouble at the Fort Campbell theatre was vas quite e different from = 
_ this. _ The bedrock at Fort Campbell is limestone shot with caves and solution 
; channels, but the theatre’s foundation trouble was in the overburden, that is a x 
thick residual clay. Into that clay was pumped 34 cu yd of a cement and con 
nes ment-sand grout. Although this is a 3mall grouting job it illustrates atype of 
__ foundation condition that is quite frequent in which there is thick residual clay ~ 
; ~ on limestone. ‘This condition is common in the central and southern United 
Ls States. It is, therefore, most likely that builders rs have been or will be con-_ 


Fort the line, 50 miles northwest 


of Nashville, Tenn. base was built during World War with no particular 


eaves, There are fundreds of large | caves in the region. Typical are the Dun- 
her and Mammoth caves, that are 8 miles and 85 miles ‘distant, aicdenie, 
— are millions of sinks inthe region; sinks are / depressions caused by the _ 
collapse of caves, and related underground erosion. The rock under Campbell 
_ contain an intricate maze of cave-like openings. ‘This situation caused the base 
4 security officers some concern in 1956, when a hole 50 ft deep suddenly ap- 
peared behind a service station near the base, exposing a small cave. Spele- 
_ ologists (cave scientists) who were consulted assured the base authorities that 
of the underground openings inthe areawere small. 
‘The buildings constructed at the site during World War II were wood frame _ - 
seton shallow pier foundations without grading. None, so far asthe 
record shows, had any foundation troubles. However, much of the area had no 
the und drainage. Run-off water simply flowed into the sinks that drained into 
the underground cave system. ‘After heavy rains, large areas surrounding the | 
sinks were flooded. It was discovered, subsequently, that a gravelly pervious 
* _ zone from approximately 0 ft to 20 ft thick occurredat the bottom of the over-— 
‘burden that is usually from 30 ft to 50 ft thick. Ninety-five wells were drilled 
in the non-draining sinks. This provided fairly satisfactory drainage, although — 
= serious maintenance problem was created. 
_ Since World War II, Fort Campbell has been converted into a permanent 
base that now houses the 101st Airborne Division. The old wooden buildings 
are gradually being replaced by more permanent structures. 
4 The first building foundation failure occurred during construction of a con- 
crete-frame masonry-wall barracks building. _A small sink suddenly appeared - 
4 inside the structure partially undermining a bearing wall. The problem this 
_ situation created was solved by underpinning the wall with seventeen cast-in- < 
place piles. The Nashville District of the Army Crops” of ‘Engineers was not 


then concerned, with the result that its records are meager. —— 
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April, 1961 
“a 1956, the Nashville District of the Crops) awardeda contract for construc- 
tion of a fire and crash station to be built on a site on the adjacent air base. ri 
On the day that the notice to proceed with construction was to be issued, a hole 
15 ft indiameter and 5 ft deep appeared inthe middle of the site. The contract 


cancelled, and the area of the new sink drilled. Fig. 1 represents the 
formation the borings disclosed. The height of the open cavity penetrated by 

- drill exceeded 20 ft and the overlying soil was badly disturbed. As con- 
th struction over such a foundation condition appeared unwise, a new site was lo-- 

: cated and drilled. When a site free of caves was found, the job was readver- P 
and built without trouble,” 
aa _ As a result of the - experience at the fire and crash station, the subsequent 

explorations for major structures at Fort have 


LIMESTONE —— 


SCALE 


—CROSS SECTION AT —e AND CRASH STATION SITE, , SHOWING 
= OF FOUNDATION CONDITIONS 
some core boring in rock. It is Ron ad to avoid putting some structures 


over small caves, but it should be possible to avoid areas in which caves are 
For preliminary planning, the Corps has prepared an aerial photo- mosaic 
= the base from Department of Agriculture aerial surveys made in 1937, on. 


which the present base layout is superimposed. Aerial photos made because _ 


the base was built would not serve the same purpose, as sinks nave 


_ More recently, the Corps has also’ developed a master p plan on which both 
nm the old and new sinks are shown. Boring locations are shown on this, and all Ee 
for ‘any reason to have poor foundation conditions are out- 
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lined, This master foundation- information iss a in 
for building sites with good foundation conditions. 


SELECTION OF THEATRE SITE 


theatre with which this ‘paper is concerned had been well 
a explored ( Fig. 2). Fourteen holes had been drilledand the location of the build- 
ing shifted twice. The location chosen finally appeared to be the best in the = 
immediate area. rea. Near « one end of the site, two holes penetrated cavities i 

rock: Hole 105, 8 ft of open cavity, Hole 126, 21 ftof clay-filled cavity. At the 

other end of the site, overburden thickness increased rapidly and there was an 
old sink not far away. rte two holes of the nine drilled under the final — 
igh, 


tat OF SINK AT THEATRE 


18th, the concrete frame had been finished and the roof trusses installed. | The 


face run-off had flooded the excavation. On Monday morning the work crew, 
__ expecting to pump out the excavation, found it to be empty. A sink 12 tt in 


Soe By closing time, when the rain had stopped, it was found that sur- = 


the water had drained into deep cracks in the side of the sink. nal ; 
sg inthe this time, approximately $150,000 was invested in the theatre, but a sink 


1. underpinning the foundation for at t least 40 ft or 50 ft around the sink; 


. abandoning the site. 
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success. Underpinning appeared, at first thought, to be a sure remedy, but it 
pe _ would have been very difficult to determine how much of the building — 
support. appeareda little Just what kind of open-— 


a to pump fantastic quantities of grout into a foundation such as this. —— 
ca) the core borings made at the site had not indicated extensive caves in the rock © 
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SCALE 2 ass | FEET 
FIG, 3,=PLAN OF SINK SHOWING GROUT HOLES 
in the if this were so, it was decided that it should be 
_ grout the openings with cement grout, ) without wasting too much grout t outside = 
area of the ‘theatre’ 8 foundation. cating, ving gh: 4 


_ Fig. 3 shows the pattern of grout holes in the sink. The + holes were —— 
and grouted successively in numerical sequence, 1, 2, 3, 4, and 80 0 on. annie i” 


The *Detween underpinning and grouting was a cult one. Under- 
‘The choice bet derpinning and ti difficult Under-— — 
pinning had been used to remedy the only previous failure of this type, and 
Lea {4 Grouting was estimated to be cheaper, if it would work, but care would be nec- - q 7S, 
— 
— 
mm 6€60FSsfuider the building. and it appeared that the troubie must be related — | Oa 
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quence used was designed to avoid drilling <— sini grouted hole befor 
__ All grout holes were cased. Each hole was drilled to rock and cased to the 
d 


bottom. If water would not run out of the casing set at the bottom it was pulle 

3 _upuntil it did drainwhen grouting was started. If the hole stopped taking grout, 
= casing was pulled up until either the hole started taking grout again or the 


high speed grout mixer was used. This machine mixes grout on the 


level line. The mixer pressure of approximately 5 psi, plus gravity, provided 


z trifugal pump principle and will discharge it through several hundred feet of | 
4 


all the pressure necessary, and no grout pump was needed. Grout was conveyed 


e to the hole through a fire hose. The 1 relative pressure and rate of flow could 
be judged by feeling the hose near its connection to the casing. Thus, “no pres- 


<ah 5 ovat TABLE 1, —GRADA F SANDS USED IN GROUT PE 


aves. 
46 43 


(b) Commercial mortar sand 


PP There were two mastas grout mixes, each designed to use a malo 
sand that was available locally, be because the job was too small to justify getting © 
a special sand. . Both sands \ were crushed limestone; the first was an agricul- 
_ tural limestone whose gradation, having an excess of rock flour or minus 200 
mesh sizes, is shown in Table 1 . This material gave a workable mix of 1 bag _ 
cement: 1.56 cu ft sand: 1. 6 cu ft water. The other sand was a commercial 
mortar sand produced by scalping a well graded concrete sand onthe No.4 
sieve. The gradation is indicatedin Tablel, = 


_ The mix design for | this sand was 1 bag cement: 2.22 cu ft sand: ~~. 8 cu ft 
J water. The fact that more sandand less water was used to get a mix of equiv- 
alent workability (as tested with a funnel viscometer2) dramatically shows the © 
_ advantages oi of using a well graded sand without an excess of rock flour. The © 
better graded sand is obviously more economical, and not surprisingly, it pro-— 
_ duceda grout that was stronger when cured. The 28-day compressive strengths y 


were 2829 psi and 4368 psi, respectively, for the two mixes. 


- 
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Grouting subdbaliast [or rack Bases, ” Bulletin, Portland Cement Assoc., No. 5 aa 


‘The t neat cement grout used a water-cement of one cu u ft per bag 
ithe first holes grouted were extremely open, with drill water draining freely < 
over the entire area. Hole No. 1 lost drill water 10 ft above rock; hole No. 2 e : 
14 ft; hole No. 3, 2.3 ft; and hole No. 4 at 9-1/2 ft. Hole No. 6 was the only © 
a boring to lose all the drill water. ‘These holes were initially grouted with — 
va _ Sand- -cement mix. As the area tightened up and holes took water less freely, b 5 
f neat cement was used. Grout travel was controlled by grouting intermittently, _ 


arbitrarily limiting the amount of grout in each hole to about 200 cu ft ata 
vgs time, at which point drilling and grouting began onthe next hole inthe sequence. 4 
; As the grout pattern became “filled in” and the area showed signs of becoming - 
Swat the holes that had not refused were regrouted. All these refused - 
i after taking moderate : amounts. . With this procedure, it appeared that 
a - some grout may have traveled a hundred feet or more from the area being 
routed, a condition that was anticipated. __ 
va _ The first four grout holes took 79% of all the grout that went into the six- — a 
teen holes. In sixteen holes, a total of 34 cu yd of grout was injected under the 
_ 12-ft diameter sink. Ofall the grout injected 72%, by volume, was sand- cement - 
grout, that was used altogether at first. last took so 


EXPLORATION AFTER GROUTING 
~ Although a ‘pattern of gradual “tightening” of an area is good evidence of oe 
‘oe grouting, the success of the operation was also checked by twenty- J 
exploratory holes, of several types, as shown in Fig. 4. Only two of these holes, 
_ the angle holes shown at the top left of the figure, lost drill water in the over- a 
(i: burden, although thirteen of the original fourteen exploratory holes had done so. a“ - 
In these holes, the overburden was grouted before they were cored into rock. — 
After drilling through 12-1/2 ft of rock, , the core hole at the corner of the build- 
that was angled alongside the sink encountered a foot-high partially open 
horizontal cavity in rock. This cavity was subsequently grouted. These three 


angle holes took 21 cu yd of fois: pom 


i. 


2. The undisturbed samples trem. the area ovtained a 
_ 6€=€©6»--s grout, that was confined to seams running through a gravelly clay matrix. No be 
The soil layers between the grout seams were notas firm as undisturbed 
a ground, but laboratory tests showed that it was adequate to support the load of 
Gi the building. The soil compaction percentage tested in accordance with Amer-— 
ican Association of ‘State Highway Officials T-99 modified 
from 65% to 84%, as ‘compared to 70% to 89% for samples outside the sink area. _ 
4, The overburden found d in all samples was clay, with some 


ee completion of the consolidation grouting, exploration and soils testing, 
construction of the was resumed. ~The cleaned out and 
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GROUTING 
- backfilled, steam and water — crossing it were repaired. In two years, 
there has been no measurable settlement of the sink area, and the condition - 
= theatre building is as good as that of any other on the base eee 


od The | most i important disclosures resulting from this grouting were; (1) de- 

- seeeieallion of the character of the overburden at Fort Campbell, and (2) that 
openings in the overburden are ‘not necessarily directly over cavities in rock, 
- Originally, it was ‘supposed that the pervious zone in the overburden is open | ; 


gravel and that the theatre sink was the result of clay washing out through the 
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FIG, 4 .—PLAN OF OF ‘FOUNDATION EXPLORATION 4 AFTER GROUTING 


gravel. rel. However, th the 2 exploration | around the th theatre sink showed no aaaiilie: 
__ connection be between the gravel and voids. Instead, there was apparently a zone 
of underground erosion with mud-filled openings and soft ground adjoining these. = 7 
‘This is decidedly a worse condition than an open gravel stratum, because it _ 
greatly reduces the strength and stability of the foundation. = 
_ This weak zone, that was found in over half the holes drilled on the base, 
appears to be much more widespread than bedrock caves that are ready to col- - 
é lapse. So much of the base is underlain by this pervious zone that it is hardly me . 
possible to avoid building over it. However, buildings can be located away from > 
the areas in which the pervious zone is thickest and shallowest. If a major 
structure m must be > located over a thick | zone, pregrouting of the over- 
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_ burden would give ‘insurance a against foundation failure during and aft after co con 
One measure that should reduce the amount of ieee from sink holes is to 
_ keep overburden excavation to a minimum, and this is now the policy at Fort 
Campbell. A second important ground rule for future construction | calls for 
provision of adequate surface drainage away from the excavation. 
oe The extreme difficulty of adequately exploring this type of foundation should © 
be apparent. None of the various kinds of | borings | can show the true nature of 
- pervious zone. Undisturbed samples are generally disturbed by the pres- 
ence of gravel, and small voids in soft materials collapse in the sampler. In i. 
_ this particular case, wash borings appear to give the most reliable information : 
. ms for the money available once the general foundation condition has been diag- 
> ‘This is not to suggest that the foundation conditions at Fort Campbell are 


typical of all limestone country, they are not. . Yet, wherever there 
~ tensive sink holes and thick residual | clay overlying limestone, underground _ 
erosion of the overburden should be expected. If such a condition is found, 
_ grouting of the overburden is feasible and probably will be the best stabilization © “ 
_ procedure if a major structure must be built. 
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FOREWORD 


pm which occupied two sessions of the June 1960 meeting of ASCE in Reno, Nev. x 
Credit for organizing this symposium program goes to a Special Grouting Sym- 
- posium Committee consisting of Stanley J. Johnson, F. ASCE, Chariman, T. of hi 
‘William Lambe, F. ASCE, and W. K. Seaman, F. ASCE. 4 
a It is believed that these several papers constitute a significant contribution — 
to engineering practice in the art and science of stabilizing foundation mate- ; 
rials by grouting. This is a field in which there appears tobe increased inter- | 
est among foundation engineers and one which is expected to become more 
portant as time goes on and the need to build structures on difficult soll cueil Pe 3 


Bader use of chemicals for grouting purposes and also their use with more a 4 

conventional grouting materials such as clay and cement; grouting of overbur- sa 
dened materials which is rapidly becoming a more definite art andscience and 
_ which, to some degree at least, is susceptible to laboratory studies; the grout-_ 


ing of a cut-off in granular materials to prevent underseepage a major 


“the United States) ; and the grouting of ‘subsurface voids and solution channels 
in limestone areas subject to large subsidence. 


Note.—Discussion open until September, 1961, Separate discussions should be sub- 
mitted for the individual papers in this symposium, To extend the closing date one month, — 


a written request must be filed with the Executive Secretary, ASCE, This paper is part 1T 
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— of the American Society of Civil Engineers, Vol, 87, No. SM 2, April, 1961. : Nek i 
Pres., Soil Testing Services, Inc,, Chicago, 


“ment, Clay, and Chemical Grouting has sponsored groups ¢ of papers or sym- 7 
posia _ occupying the sessions of meetings of the Society in 1954 and 1956, ae 
- well as 1960. Papers on grouting which have been published in the Journal of 7 j 
the Soil Mechanics and Foundations Division are as follows: Nos. 1145, 1204, 
and 1544 to 1552, inclusive. The report of the Task Committee on Chemical — 
Grouting appears as Paper 1426 in the November 1957 Journal. A draft of 2 .* 
report on clay grouting has been prepared by the Task Committee on Clay | 
_ Grouting, and the report on cement grouting prepared by | the Task Committee me 
Cement Grouting is substantially in its final form. 
ie The Administrative Committee on Grouting takes this opportunity of ex- i 
oF pressing its appreciation to the task committees for the excellent mannerin | 
E which they have carried out their assignments and to the individuals who, as 
writers of papers, have made significant contributions covering the practices a 


"Raymond E. Davis, F. ASCE, Chmn., 

_ Admin. Committee on Grouting, Prof. 
of Civ. _ Engrg., Emeritus, Univ. of Cal- = 
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‘This p paper r describes a technique which has on n two 
‘j cris to reduce the amplitude of vibrations of anexpander and two compres- , 
Sor foundations to tolerable magnitudes. This is accomplished by injection 
chemical grout into the soil supporting the foundations, thus effecting modifi- 
cation of the elastic properties of the soil, 
Information on soil conditions at each site and data on vibration measure-_ ; 
ments before and after grouting are provided. It is felt that this solution to 
preee vibration problems represents an additional tool in the hands of the 
“foundation engineer in eliminating resonance i in 1 existing machine fc foundations. q 
& also provides data which should be of value in enabling engineers to predict 


e natural frequencies of proposed soil-foundation machine 


science of soll has not found a to 
ot predicting the natural frequency of a vibrating machinery foundation. i 
natural frequency is that frequency at which the soil-foundation-machine sys- 

= when subjected to forced vibrations in any of the six modes of vibration, 
_ will vibrate with a maximum amplitude. This phenomenon of vibration is gen-— 
— termed as resonance. The amplitude at resonance is itt much — 
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GROUTING 
Soil and foundation engineers’ are are actively pre predicting settlements of em- 
bankments and buildings with quite reasonable accuracy, and are improving the 
reliability of methods of determining the ultimate bearing capacity of various — 
foundation and soil conditions. However, it is unfortunate that little information — 


- efficiently a machine foundation that will not vibrate excessively. __ mater’ | 
; Perhaps the principle reason for the lag inthis phase of the science of a 
dation engineering is that most machinery foundations do not vibrate exces- 
eo _ sively. However, the few that do vibrate are a constant nuisance to the owner 
< BB machine and a constant thorn in the side of the machine manufacturer. 
_ ‘The consulting structural or foundation engineer, strangely enough, is not usu- 
ally blamed for the failure to anticipate the vibration problem, as long as he 
conforms tothe manufacturer’s empirical requirements, such as that the foun- 4 
dation forthe machine shall be so proportioned that the soil pressure shall not _ 
exceed, for example, one-half or one-quarter of the allowable pressure for the . 
soil. Other empirical requirements involve a ratio of foundation 
weight to either the horsepower or the speed of the 
ite It would seem apparent that the responsibility of the manufacturer should 
end when he has built a machine with a minimum possible vibration for the. 7 
function performed. The foundation engineer shouldcarry the foundation ¢ design 
a 4 completion, considering the nature of the machinery vibration, the soil con- 
ees, and the amplitude of vibration that can be tolerated by the owner or his 
_ The theoretical analysis of a vibrating machine- foundation- soil pens is 
highly indeterminate, and most solutions that have been presented to date (1961) 
are based on assumptions which over- -simplify the problem by neglecting cer- 
tain important factors in the vibrating system, or otherwise give results that 
are not compatible with actual observations. 
ge It appears probable that the greatest hope for a: solution to vibrating ma- 
-chinery design problems lies in the analysis of actual cases of vibrating ma- i 
-chinery foundations, including — information on soil conditions and vi- 


EXISTING KNOWLEDGE MACHINE INE FOUNDATIONS 

2 A rather thorough examination of the problem of vibrating machine se 

; dations has been presented2 by G. B. Tschebotarioff, F. ASCE. Additional study 
a of the problem involved has been presented3,4 7 the American Society for 


a Testing Materials (ASTM). 
case ‘the natural frequency is s proportional tothe square root of the : spring: con- 
stant and inversely proportional to the root of the mass. al 


7 ‘constant, , which has the effect of reducing the natural frequency from that — 
_ ‘puted for the freely vibrating linear motion of the mass on the spring. It  : 


— 2 «soil Mechanics, Foundations, and Earth Structures, ” by G G. P P. Tschebotarioff, ; 
McGraw-Hill Book Co., Inc., New York, 1951, ee, 
Be: 3 “ASTM Symposium on Dynamic Testing of Soils,” Special Tech. Publication No. 156, 


4 «Vibrations in Semi-Infinite Solide to Periodic Surface Loading,” T = 


ASTM Symposium, 1953, 
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recognized, however, that the damping constants for iia are. — 


~ known, and it is doubtful that the damping factor is enisenieataa a constant for a 


Recognizing that the soil beneath the ‘must alee move the 
~ foundation during vibration, it has been assumed that the natural frequency was 2 
_ inversely proportional tothe square root of the weight of the vibrating machine | 
and its foundation, plus a a a weight of soil. , However, the weight | of ‘soil which 


i Frequently machinery manufacturers recommend that the pressure beneath . 
gs the machine foundation should be a certain fraction of the p pressure whichwould _ 

Mf be permissible for static loads onthe soil present at the site. Such a procedure 
Me 4 is not logical, since a particular : soil type does not have a natural frequency as -— 
in a basic characteristic property, nor is the natural frequency. of the machine- 2 

_ foundation- -soil system related necessarily to the strength soil beneath 

all Various tables have been prepared giving the natural frequencies for various 7" | 
soil: types. _ Generally the range, in cycles per minute, is from approximately _ 

500 for soft organic soils, 1,100 to 1, 700 for clays and sands, , and 2,000 cpm - 
or more for rock.© 2 It has been pointed | out that while the bearing capacities -_ 

- may vary from several hundred pounds per square foot to several hundred thou- 

‘ sand pounds per square foot (for rock), the natural frequencies only vary a or 
_— elatively small amount (500 cpm to 2,000 cpm) for the natural frequency _ 
organic : silt compared to that for bedrock. Measured natural frequencies have 7 
been noted outside this range but not appreciably so. Thus, it is all the more — 
apparent that the natural frequency cannot be directly related to the bearing 


tt is believed that differences in the unbalanced force for a given 


— will change the natural 1 frequency, since a greater unbalanced force will pre- 
sumably create movement in alarger mass of soil and thus reduce the — 
_ frequency. . This opinion has been substantiated by a limited number of tests. 2 
Furthermore, for determining the equivalent spring constant for a foun- 
Pe ona is probable that the spring constant will increase with increased am- 
Bis _ plitude of vibration, and furthermore, that the amplitude for a given soil _— 
: sz vary with the loaded area. Studies (in 1953) have indicated that the pres- 


sure distribution beneath the vibrating foundation will also vary considerably 
the frequency and amplitude of vibrations. 


Thus ita ars that the natural fre uenc of a soil- foundation - -system must 


1. The. soil or ‘rock characteristics and stratification; ‘eat 
* _ the weight of 1 the vibrating equipment and its foundation; ee 


4 _ the nature of the unbalanced forces and resulting vibrations; RR on sn 


_ the foundation engineer must also be concerned with the possible densification 
of soils beneath the foundation resulting from the > vibration. It has been found 
; 4 ‘that densification of granular soils can result from vibrations, but densification — 
is not to be expected in cohesive soils. The amount of densification in sand 
obviously will vary depending on the the sand, as as the 


nature of the vibration. 
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GROUTING 
perhaps the best reference in the design of foundations t to ave aus 
resonance is the chart showing the relationship between reduced natural fre- 
- quencies plotted against the area of the foundation, , with a band of values for ‘ 
various soil types, given by Tschebotarioff. 3 However, even after consulting | 
this chart and designing accordingly, the designer should recognize that ~—-— 
~ solut ion is not a precise one, and shouldadvise the owner - accordingly. ‘Tsche-_ 
see has suggested leaving cavities within the foundations which can sub- | 


sequently be filled if necessary | to the and the 


on foundations ‘Supported ¢ on piles asw well as on sand foundations, it should not 


, be expected that the use of pile or -caissons will automatically eliminate the - 

possibility of resonance in the foundations. ‘ts 


CORRECTING RESONANT CONDITIONS 
SS Statistically, most vibrating machinery foundations do not exhibit resonance 
at operating frequencies andare nota source of conc concern to the owner or or nearby | 
parties. This is certainly a fortunate coincidence, and probably occurs because — 
of the great effort on the part of equipment manufacturers to minimize vibra- 
tions, and also because of the general tendency of foundation designers to pro-_ 
vide a relatively massive foundation which will generally result in a relatively | 
low natural frequency. However, many problems do arise where the operating © . 
frequency approaches | the natural frequency of the foundation-soil mass sy s- 
tem and resonance occurs resulting in considerable damage and nuisance, and 
insome cases actualdanger, 
“s _ When such problems of resonance have occurred, they have sometimes been _ 
solved by such techniques as separating the foundation from the adjacent floors, _ 
- conversely tying the foundation tothe adjacent floors, lowering the water table, 
_ filling cavities provided in the foundations, and adding mass by er or 
The following describes a technique which involved injecting ‘chemical grout 
= into the soil beneath the vibrating foundation, thus changing the elastic pro- 
i perties of the soil 2 and consequently changing the natural frequency of the foun-— 
dation. In both cases described, the amplitude of the vibrations were reduced © 
to tolerable amounts by the grouting program. 
a Vibrating Expander Foundation.— An expander f foundation was operated for 
"the first time in January 1958, before necessary piping connections had been _ 
made to the expander. Considerable vibration was noted in the machine. Soil | 
7 borings immediately outside the expander room indicated a dense sand istratum 
extending to a depth of approximately 12 ft below the foundation. In addition, 
on field density determinations made in the excavation for the foundation prior to | 
: & construction of the expander indicated densities of approximately 100% modified = 
American Association of State Highway Officials (AASHO) density in four sep- 
arate tests. The water table was known to exist approximately 3 ft below the 
floor slab, which is 2 ft above the bottom of the foun- 
a Vibration measurements on the 1e expander foundation, catia from ac ac- 
-_celeration and run-down tests, indicated that the natural frequency for a rota- a 
“tional (rocking) motion inthe foundation was approximately 300 vpm, while the ; 


a 
— 
ie 
— 

4 
gg 

Be” elnce plie OF | ONS OV1i SUPP I 
— 

{ tm 
— | 

7 

— 

— 
| 
| 
| 
| 
| | 7 
| 
— 
wa 
| 


yo 


— frequency was approximately 280 vpm. With the machine thus oper- 


ating at near resonance inone of the six possible modes of vibration, a solution - a 


= to the problem appeared to lie in changing the natural frequency of the system, — 
since the operating frequency could not be changed ( Fig. 1) 


| i: Initial consideration was given to the possibility of adding concrete to the 


foundation. However, space limitations and existing trenches along the foun- 
 Sraeeeen obstacles that precluded this as a practical solution. — 
"since a slight increase in weight of the foundation would further reduce the nat - 


ural frequency, it was deemed possible that the addition of concrete could ag- 


the natural f requenc 


Rigid 


rey 


otor _ = 


Grout holes through 
foundation 


.. Considerable study was given tothe possibility of changing the nature of the 


a: “unbalanced forces in the machine, though it was felt that the change in the di- 
rection of the unbalanced forces, which was the only change that could be made 


5 in the ‘equipment, , would not ne necessarily eliminate the objectionable vibration. o 


however, some changes were made in the equipment simultane- 
with the grouting ‘program, thus complicating toa a certain n degree 


“the foundation would effectively prevent densification of the sand due to the vi > 
brations of the machine. Since settlement in the expander 1 would be r rather crit- ee 


m, 
m, 


-gravate rather than correct the > existing conditions because it would perhaps : 
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GROUTING 
GROUTING 
was felt that the g would be beneficial in preventing subse- 
quent settlement, aside from reducing the displacements due to vibrations. — 
je _ Support of the foundation on piles or caissons carried to rock was also con- * 
ff _ sidered, though major construction complications were involved in such pro- | i: 
Prior to proceeding with field grouting operations, a testing program was ; 
_ initiated to determine by laboratory tests the effect of several chemical grouts 
P= the elastic properties of the sand. _ Although it was realized that dynamic — 
7 — would be perhaps a it was felt that the cost: of f such testing vould 
| Tests were performed both acrylamide r methylene bisacrylamide 
and sodium silicate as grouts.§ 
i _ Triaxial test results indicated an appreciable increase in cohesion ‘due to a 
= of the chemical grouts, and the stress-strain curves fora lateral pres-_ 
sure of 5 psi indicated that eachof the chemically solidified samples displayed ‘ 
a distinct increase in the slope of the stress- strain c curve toa value approxi- an 
mately 3.8 times the value for the natural sand. 
On the assumption that the dynamic modulus would increase in the same 
_ Proportion as the static modulus (as determined by the triaxial tests), it was 
 Geoeea that the natural frequency of the foundation might be increased bya __ 
‘factor of 1.86, or from a frequency of 300 cycles per minute to 558 cycles a ae 
minute, which might then greatly reduce the amplitude ofthe vibrations. _— 
In order to perform the ‘grouting operation, ‘the holes were drilled at each 


Pr... sign of approximately 8 ft below the bottom ae the foundation. _— 
: sand within the casing was washed out, and a 2 in. diameter pipe with perfor- 
ations which were covered with rubber sleeves (a Manchette tube) were lowered 
into the casing ‘and then surrounded by a weak cement-bentonite grout. Before 
: the grout set, the casings were removed with the assistance of a crane located — 
- within the structure. After the cement grout “ set- -up,” a packer and grout pipe — 
arrangement was then inserted inside the 2 in. . pipes. After the packer was 
set at each predetermined depth, grout pressure through the grouting pipe ex- 
_ panded the rubber sleeve and fractured the grout seal around the 2 in. pipe. 
The AM-9 grout was then forced intothe sand surrounding the pipe. This pro- 
cedure was repeated at each of the four grouting holes and at 1 ft intervals _ 


> _ Approximately 550 lb of AM-9 grout at 10% concentration were used ineach 


f the injection pipes. Although the exact distribution of the grout within the a 
soil mass was not determined, ‘the amount of grout used was such as to create _ 


4 ft in diameter and 8 ft deep ‘surrounding each of the injection points. . | 
_ Subsequent measurements of the vibrations inthe machine indicated that the = 


a solidified mass of soil contained in a right circular cylinder approximately 


amplitude of the vibrations had been reduced to > approximately or one-third orig- 


; somewhat during the operation, partially due to the effects of the grouting and 
_ partially due to modifications in the equipment made by the manufacturer. Aft- >” 


_ er the grouting, the natural | frequency was determined to be 402 vpm, in con-— 
trast to the original natural frequency of 300 vpm. 


2 Y-Type Compressor Foundations.—Several months after the completion of- i 
_the expander foundation project, a similar problem | arose in two “compressor 


ai 
7 
q causing the rocking motion inthe foundation. 
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ated at 22 in Lynchburg, V a. a. At this y- compressors, 
_ «Sate at 225 bhp each, were installed on a 12 ft by 7 7 7 ft by 2 ft-6 in. thick rein- 
_ forced concrete slab. _ After installation, the compressors were found to vi- 


‘brate with objectional amplitude. The amplitude of these vibrations was con-_ 
sidered to to be sufficient to cause Possible of ‘Piping joints a and 
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were being transmitted through the soil to 0 adjacent portions of the boiler rc room 


causing considerable annoyance and minor damage. Ay 


4 “of the foundation initially \ was 948 cycles per minute, while the 
‘eae from the operating speed was approximately 1,028 cycles per minute, 
- It should be noted that the vibration frequency at resonance was ; double the op- 


erating speed wi the compressors, indicating that eed occurred at the 
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GROUTING 


second | harmonic of the operating speed. The analysis further indicated that 


the vibration was in a rotational mode about an axis parallel tc to 6 ft-3 in. 
below the compressor crankshaft. The translational movements and the move- 
ment in the other rotational modes was found to be insignificant. 

alld As a result of the vibration analysis and the conclusion that the vibration 
was ‘srimarily | in a rotational mode, the stabilization was proposed beneath the | 


Final resonance 
(computed) 
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ends of the foundation slab to oa maximum depth of 7 ft -6 in. below the bottom 
of the slab. Termination of the stabilization at this. elevation was based on the © 
assumption that the effect of the vibratory loading would be negligible at this 
depth and any attempt to change the natural frequency of the ° vibrating — 
by stabilization beyond this point would be uneconomical. Fig. 4 is a plan show- 
x theoretical limits of th the le designed stabilization. 
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-GROUTING 
ine field operation involved the removal of 43 in. cores ‘vem: the slab ; at <<a 
- ~ low the bottom of the slab. _ The soils at this location were found i ina previous 
7 "soil investigation to consist essentially of medium dense to dense sandy — 


Manchette tubes, 2 in, outside « diameter, with sleeves covering the 
forations were then placed in these holes and grouted in place with a neat ce- 5. 


ment grout. . When all four tubes had been set and the grout hadcw cured, the st 
‘bilization. operation was started. 


Prior tothe injection of any was forced 


“into the inter-face between the base of the slab and the soil in order that con- Ss 
_ tact between the slab and the stabilized soil would be complete. Following 
- operation, AM-9 grout was injected into the 1 micaceous sandy silt, under pres- 
sures consistent with overburden conditions, at the various stages indicated in 7 
Fig. 6. Sufficient quantities of chemical grout \ were injected t to produce a sta- 
bilized volume of the design dimensions. _ 
_ As seen in Fig. 2 and 3, stabilization of the soil i in this manner changed the 
natural frequency of the vibrating system from a near-resonant 948 vpm to a 
- non-resonant 1,176 cycles per minute, thus reducing the amplitude at the oper- 
ating frequency to values that were less than 40% of those before treatment. 
5 is a photostatic reproduction of original seismographic traces before 
ss It should be noted that on the compressor ‘foundation project the natural fre- 
quency was changed from a value slightly were the operating frequency to a 
ie 3 value moderately above the operating frequency. Because the effect of increase 
a inm mass due to the grouting operation would beto reduce the natural frequency, i. 
and since previous tests on the expander foundation lp indicated a 


a- 


| modulus of elastic deformation in the sandy silt soils resulting from the grout 
is _ stabilization. The coincidental increase in the unit weight of soil resulting a 
- from the grouting apparently was a minor factor, probably having the - effect of a 


will permit then to predict natural frequencies in vibrating foundation- -soil sys- 7 
tems and therefore to modify the foundation design to insure that the natural 


‘frequency is significantly higher or lower tl the operating of 


However, where existing machines vibrate with excessive ine. sce 

- whenthe soils on which the foundations are supportedare sufficiently pervious 
: = permit the introduction of chemical or cement grouts, then the natural fre- a 
quency of the soil-foundation-machine system can be changed by the counts 

aa displacements due to the smart can be reduced to tolerable amounts. 
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It is hoped that Soll and foundation engineers W1 develop a technique which _ 
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- elastic properties of the soil, increasing the modulus of deformation, with a 
consequent increase in the natural frequency of the foundation system. 


They project for National Cylinder Gas | Company (expander foundation) was 


‘Electric Company (compressor foundation) was conducted under the General 
of the Real Estate and Construction Operation of the General Electric Company. 
Vibration measurements on both projects and vibration analyses were made 
by Jack F. Wiss, M. ASCE, of Wiss and Associates, in Chicago, Ill. Grouting 

operations were performed by -Chemject Corporation, Niles, under the 

pervision of James A. | Zurbrigen. 
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"FOREWORD 


ow This: paper is one of several papers that constitute the Symposium on 

, 7 Grouting that occupied two sessions of the June 1960 meeting of ASCE in 
Reno, . Nevada. Credit for organizing this symposium program goes toa <2 
7 cial Grouting Symposium Committee consisting of Stanley J. Johnson, F. ASCE, | 


‘Chairman, William Lambe, F. ASCE, and W. K, Seaman, F. ASCE. 
It is believed that these several papers constitute a significant mete 

to engineering practice in the art and science of stabilizing foundation ma- 
terials by | grouting. This is a field in which there appears to be increased > 
_ interest among foundation: engineers” and one which is expected to become aa 


more important as time | goes on and the need to build structures on difficult _ 


The papers the symposium are concerned with cement clay, 
chemical grouting of seams, cavities, and granular materials, The papers 
illustrate the increased use of chemicals for grouting purposes and also 
their use with more conventional grouting materials suchas clay and cement; 7 
grouting of overburdened materials which is rapidly becoming a more definite a 
art and science and which, to some degree at least, is susceptible to laboratory 
studies; the grouting of a cut-off in granular materials to prevent under- 

seepage beneath al major hydroelectric project (perhaps the first application 7 
7 | this | type of grouting in the United States); and the grouting of subsurface 
voids and solution channels in limestone areas subject to large subsidence. 


_ Note,—Discussion open until September, 1961. Separate discussions should be Sub- 
‘F mitted for the individual papers in this symposium, To extend the closi sing date one month, | 

a written request must be filed with the Executive Secretary, ASCE. This paper is part ; 

of the copyrighted Journal of the Soil Mechanics and Foundations Division, econ 

_ of the American Society of Civil Engineers, Vol. 87, No. SM 2, April, 1961. 

1 Chf,, Concrete Div., U.S. Army Engr, Waterways Experiment Sta., Corps of Engrs., 
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_ Organized in 1952 the Grouting Committee with Tash Task Committees : 
: Cement, Clay, oo Chemical Grouting has sponsored groups of pa papers or 
: : symposia occupying the sessions of meetings of ASCE in 1954 and 1956, as 
well as 1960. Papers on grouting which have been published in the Journal of | 
_ the Soil Mechanics and Foundations Division are as follows: Nos. 1145, 1204, 
and 1544 to 1552 inclusive . The report of the Task Committee on Chemical > 
Grouting appears as ‘Paper 1426 in the November 1957 Journal. A draft of a = 
report on clay grouting has been prepared by the Task Committee on Clay a 


Grouting; and the report on cement grouting he Task Committee 


a which they have carried out their assignments and to the individuals who, as 


authors of papers, have made significant contributions covering the practices 


‘Administrative Committee on 
Prof. of Civ. Engrg., Emeritus 


Numerous investigations ‘cement grouting of foundations have 


been conducted since the first large- -scale grouting attempt in 1910. Modified _ 
cements, mixtures of cement and additives or replacement materials, and : 
proper proportioning of grout ingredients have been developed for various | ey 
projects as needed. Because the grouting requirements of each job differ, no 
all-purpose grout or grouting method has been established. ‘However, 
= the laboratory and field tests described in this paper show the ss * 
«di nt grout incorporating admixtures of varying 
i water- cement ‘ratios and of varying grading and fineness of grout ingredients. 
addition, grouting techniques, grouting and ty types of eqaipment 


INTRODUCTION 

Foundation ‘grouting is used primarily in the treatment of rock formations 

: al plan for a grout treatment is governed by the requirements of the vy 
structure. However, the primary for any treatment 


_ permanently retain its original volume. "Standard grouting techniques often 
must be modified to meet existing conditions, and selection of proper ma- — 
: terials, , equipment, pressures, and techniques, as well as close control a 
proportioning of the ingredients of the grout, 
‘ Bn Grouting job. Of course ,a thorough knowledge of the foundation « characteristics 
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4 GROUTING 

6S result of the diversity of problems that have ‘been encountered in — 
grouting work, numerous materials, _mixes, techniques, , and equipment have 


been developed. This a review of the literature relating to 


large-scale treatment of 


4+ 
_ Early Investigations at Es Estacada Dam.- .—The 
“foundation by grouting first attempted in 1910 in the cutoff for the 


te Estacada Dam (1). a The job required much experimenting, and although the ~ 


grouting was considered unsuccessful, considerable knowledge was gained 


All ¢ drilling, testing, and grouting should be through casings set 

= 2. All testing should be performed from elevated tanks and not by p' pump, 

aig _ 3. Each hole should be tested and grouted as soon as drilled, then the — 
drills kept away from the probable zone of diffusionforafewdays. = = 

ay. In grouting, especially at high pressures, it is best to close the valve — . 

_ before the tank is entirely empty to prevent the air from following the grout — 4 


taken freely, thickened until each succeeding batch ‘requires either an in- 

creased discharge time or increased pressure. The forcing of charge —_ 


charge | of thin grout into a } a hole sectional isa waste of cement, 


> 

= The at Estacada indicated that grouting be vetted 

a on in lieu of the usual concrete cutoff, fortwo reasons: eee 

efficiency of grout asa curtain wall cannot be predicted. 


of the cutoff closes the surface seams and confines the pressure to a depth 


at which it be effective in tight th derlyi t 

at which it may b in tightonts ening e underlying material. 


Investigations at H 
Initial Work.—In 1933 Byram W. Steele, M. ASCE (2) outlined. ap 


- ‘of investigations to obtain information for use in contraction-joint grouting © 
_& at Hoover Dam. A review of contraction-joint grouting experiments was also 
included. The investigations were conducted in the Denver, Colorado labora- 


' a tories of the Bureau of Reclamation, United States Department of Interior + 


(USBR) and involved experiments with fineness of the cement, water-cement | 
- ratio of the grout, width of contraction-joint opening, grout pressure within 
ti the joint, and shearing strength of the grout film. For the investigations, » 


"split cylinder of mass concrete, 5 ft in diameter and 7 ft high, cast to simu- — 
7 late a contraction | joint in a dam, was so constructed that the thickness of a 

- grout “film could be easily and accurately controlled, Although the laboratory — 
tests were concerned with contraction-joint grouting, the results 


1. To obtain s satisfactory flow in grouting a contraction joint, the c cement 


ne a 200-mesh sieve immediately before the grout 


Numerals in parenthesis, thus (1), refer to items in Appendix Biblio- 
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‘cracks of the order of 0. 05 in., a grout in which ieee ratio of water 
= cement is 0.75 by volume gives the most desirable film. A water-cement - 
“ratio of 1.00 contains too rene os water that cannot be forced into the con- © 


- Joint pressure of 90% efficiency and joint coverage of 99% are obtained 
ently” with a grout having a water-cement ratio of 0. 15, ant with a film : 
thickness of the order of 0.015 ing 

4, Shear tests on grout films fog-cured at 70 F for 28 days 
-* increasing the pressure within the joint immediately after it is filled . 

ba does not appreciably increase the shearing value of grout films of equal initial | - 

 §<, With an a aratus used for determining punching shear, an in : 
PP 

"shearing value of 28° of films fog- cured at 70 F 900 psi i, 


(formerly Dam) was completed in 1936 and, on 
“basis of a great deal of experience obtained at this project, V. i ee, 
ASCE, and Pp, Jones (3), (4) reported certain cc conclusions as to t the be t 


Grout should be injected by pumping and not by compressed air. Mixers 
‘should be provided with meters for controlling the amount of mixing water. -_ oe 
(Grout equipment developed for this project consisted of a grout mixer, a 
mechanically agitated pump, and two high- -pressure sludge pumps. ae i 
a 2. The water-cement ratio, pressure, and rate” of pumping should be 
coordinated by “feeling out” the hole to be grouted. 
— 3. Pumping speed should be controlled by manipulation of the water- 
cement ratio. When tt the speed falls below normal, the water-cement 
should be increased proportionately and vice versa. 
was “used almost exclusively on the Hoover project fora sanded mixture ~ 4 
proved undesirable because of its effect on the pumps as well as the = a 
holding the sandin suspension. = 


ew As the use of extra finely - ground cement is essential in contraction- 
grouting, it is of secondary importance in 


- Use « of Special | Cements ar and A Additives, 
during the period from 1938 to 1947 required further investigation of grout > 


_ mixtures and techniques, A. W. Simonds, F. ASCE, and O. E. Boggess (22) 
_ described this pape of construction which included the grouting of foun- . 
; s dations and abutments, and extension of the drainage system. During the initial ; 
filling of the reservoir, particularly in 1937 and 1938, excessive seepage into | pS 
the penstock tunnels developed and water from the foundation system entered 
to galleries of the dam in excessive quantities at certain localities. Large 
_ of cold water were discharged from several drains, and hot alkaline 
water dripped through cracks in the concrete lining of some of the penstock — 
= and damaged the paint and metal work. The uplift pressure on the _ 
‘base of the dam had increased by 1937 to undesirable magnitudes in certain - 
areas. Consequently, the purposes of the additional grouting were to reduce | 
uplift pressure and seepage through the abutments. The ‘grouting | treat- 
to be described proved successful for these purposes. 
RS The use of special cements for grouting the cracks leaking the hot alkaline | 
waters, which occurred in warm spring areas, was 3 investigated. Flash sets 
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GROUTING | 


, the insufficient flushing of grout holes with cold water before the 
grouting began, or the contact of the cement with the alkaline waters, a. 
_ ‘The first special cement tried was an oil-well-type grouting cement which | — 


had been used successfully to grout areas in which hot salt water had been < 
encountered. The oil-well cement was found to possess some desirable ‘a 


- contained some unground clinker (apitzers” ’) which had a tendency to settle — 
oat yen cements were also tried during oo program of additional grouting 
but did not give satisfactory results. Fly ash was tried with modified cement - 
_ but produced no material advantage. At that time, the staff of the Conerete 
‘ te Laboratory in the Chief Engineer’s office had been experimenting with A 
Por rs 5 modified cements and retarders in an effort to duplicate the characteristics = 
retarder to (similar to present type 1) cement resulted 


in a product that had characteristics similar to oil-well cement and was more 
_ finely ground. The retarder was composed of 87- 1/2% calcium salt of lignin i. 
_ sulfonic acid and 12-1/2% triethanolamine. Experiments with the retarder at wie 
_ Hoover Dam produced beneficial results in the grouting. The retarder was 4 
mixed into a 12-1/2% solution and added to the mixing water of each batch in 4 
the proportion of one pound of retarder to six sacks of modified cement. Field a z 
—* indicated that it was possible to inject more cement into the foundation - 
aS using modified cement with retarder than by using either oil-well cement as 
or modified cement without retarder, -Retarder was used with modified cement 
in the grouting until May 1944 when the grouting _— reached aad areas of ee 
ground water and the retarder was not needed. 
Effect Of Water-Cement Ratio. ,—Experience had pou that a 
_ water-coment ratio less than 3:1 by volume could not be injected at pressures a 
i than 450 psi without risking the plugging of the hole being grouted -. 
Thinner grout mixes were more successful for squeezing off seepage through © 
the andesitic foundation rock. At the ‘beginning of the program of additional 
grouting, the water-cement ratio of the grout mix varied from 7:1 to 3:1 by — 
volume. - Thinner grout mixes were used more frequently as the work pro- 
gressed; the most generally used ratios varied from 10:1 to 4:1. In fairly 
tight water-bearing rock, many holes were grouted with mixes having water- 
cement ratios of 20:1, 14:1, and 12:1, and unless surface leaks developed, 
grout thicker than was rarely used. Thin mixes injected at pressures 
500 psi or slightly greater formed excellent grout films 
___ Grouting Procedure.—A systematic procedure of stage grouting was used 
a. at Hoover Dam, In areas in which open seams were crossed, as determined 
by the flow of water into the hole, it was customary to drill slightly beyond x 
 - seam and then grout it. After the grout had set for 16 hr, the hardened 7 ; 
—* was drilled from the hole. The condition of the grout determined the : 
bd type of bit to be used in cleaning out the hole. To save the diamond bits when- , 
. _ ever possible, “stoodite” saw-toothed bits were used. In holes where flows of ;. 


ce water of 200 gal to 400 gpm were encountered, a satisfactory cup, washer- 
; a type packer and a method for ' inserting it against large flows of water were 

In areas: warm ‘water was encountered, injection of fairly 


cement, and the grout pumps would stall so that no 
y : 
umping pressure built up. It was 
grout was forced into the foundation as the p P ng P eae 
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large of cold the grout for before 
the ‘start of grouting was found to be beneficial in the time of of set of 
_ Studies of Grout Mixtures at Chief Joseph Dam.—In January 1950, J. M a. 
: Wells (23) described an experimental grouting investigation for Chief Joseph © 
9 Dam, in which a method of grouting for the control of seepage into the exca- 
. x vation areas of the right abutment was studied. The program involved develop- 
Yes is ‘ment of (1) a grouting mixture capable of penetrating the materials of the 
hy pervious formation; (2) an economical method for drilling a large number of _ Baie 
holes in the gravel; and (3) a procedure for introducing the grout mixture 
_ into the pervious material. The efficacy of the grouting was also determined. 


Both laboratory and field studies were made. 


te ot A Information on the formation of the right abutment materials prior to the a | 


7 7: grouting experiment raised a question as to whether cement grout would have 
penetrating qualities, several grout mixtures 


Field Experience.—In the initial field trials, the portland-cement 
aE. to be penetrating the formation at Chief *f Joseph D Dam successfully; — 


a Several weeks were spent in attempts to jet pipes into the gravel formation _ 


but all attempts A heavy churn drill rig was finally used pe 


a - sandy gravel (3/4 in.) for backfilling drill holes around the grout pipes was 


very effective in preventing n flowing up of the grout 


et test pit: excavated in the on area showed that the gravel was well © 


_ sealed and effectively grouted from a depth of 23 ft to 52 ft at which depth ca = 


_ bedrock ‘was encountered. Areas of excessive leakage occurred in the upper i 


zone where little attempt had been made to grout and at bedrock where 
5 cracks and fissures were not sealed. The following was considered an effective i 
_ grouting procedure: (1) Grouting from bedrock up using 5-ft stages, (2). alter- 
nating between grout holes, and (3) using an initial mix of one part cement to -4 
ge five parts water with gradual thickening until a pressure of 150 psi was ob- 
po tained. A grout-h hole spacing of 7.5 ft produced an effective seal and results — 
indicated that a greater spacing could be used. However, because of the ex- 


estimated cost for a grout curtain, the grouting scheme was abandoned 


in favor of an alternate plan providing for seepage control. 
Foundation Grouting at the Savannah River Project. 1952 Stanley 


‘Plant of the Atomic Energy Commission. The Atomic Energy Commission, 
the Du Pont Company, the Corps of Engineers had collaborated in the 


pi and after careful study of the geological report it was concluded that oc | 


oh geological and foundation exploration program for the Savannah River Plant 4 / 
conditions were, in| ‘respects, unusual and that grouting would be re- 


e » _ The presence of sinks, due to solution of calcareous materials, , throughout 
oy the plant area caused considerable concern for the foundation stability, and 
program ‘was proposed, A limited number of 


Johnson (26) reported on foundation grouting operations at the Savannah River 
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GROUTING 


indicated that the foundation would the grout pumped into 
The foundation soils at the plant site consisted of sands and mixtures of va 
clay and sand. Under normal circumstances, soils of these types cannot be | 
b> grouted, even with a grout consisting of cement and water, and would never 
be considered capable of receiving a grout consisting of sand, cement, and — 
ok water. But the highly unusual condition, that is the solution of the calcareous 7 
material in the zone beneath the plant, made it possible and necessary to — 
‘grout. The grouting program accomplished the Objectives desired and, in 
general, worked out as anticipated, although considerably more grouting was | 
required than had been expected. 
Bae In the laboratory, \ various proposed grout mixtures w were tested for | tendency - 


BR eesscena It was s considered unnecessary for the grout to have great strength, 
(or that its rigidity should greatly exceed that of the natural ground. pin a 
batches of grout were using 8 cu ft of sand, 25 lb of bento- 


reef ft to 10 cu ft per batch. ‘ine test batches were , made up using the om 
proportions but substituting 1- 1/2 cu ft of fly ash plus 2-1/2 Ib of a water-_ 
reducing, expansive admixture for the bentonite. Tests indicated that the mix 
- consisting of the 8 cu ft of sand, 1 cu ft of cement, 25 lb of bentonite, and 8 cu 
ft of water appeared satisfactory and it was ‘used for the initial field tests. _ 
However, it was discovered that this mix set up too slowly, was weaker than \~ 
q : considered desirable, and was too soft for testing the day after placing. A 
S & more suitable mix was obtained by increasing the portland cement to 1-1/2 cu 
224 ft and decreasing the water from 8 cu ft to 6 cu ft. The mixes consisting of ae 
sand, cement, admixture, and fly ash did not appear to possess any 
over the latter sand-cement-bentonite grout. Therefore, after consideration 
the availability” of materials and cost, it was decided to use the sand-_ 
cement-bentonite grout in the field-grouting operations. 
Other laboratory tests consisted of substituting slag cement for 50% of the . 
portland cement in the standard mix and determining unconfined compressive _ 
BM strength on the resulting mixes. These mixes showed a tendency for a lower 
a compressive strength at the early ages, but after 7 days, the strength was. 
PY equal to or higher than that of the standard mix containing all portland cement. a 
‘ _ - _ Two series of tests were made with aluminum powder added to the grout — 
~ mixture. In the first series, 4 g of aluminum powder was added to a batch ot 
_ grout, and in the second series , 8 g was added. Compression tests revealed 
the strength was not affected to any significant degree by the addition of 
4 aluminum powder. Tests were also made of the aluminum-powder mix to de- | A 
termine shrinkage and expansion characteristics. After 24 hr the plain 
oa 7 had contracted 2.3% of its original volume (980 cc) and the aluminum-powder 
— grout had expanded 4.3% and further expansion was indicated. The addition a : 
the aluminum powder had no significant effect on segregation 
Unconfined compression tests were made with sawdust added to the normal 
grout mix in the proportions of 3%, 5%, 8%, and 10% by weight. The oemendl 
- _ ‘was coarse pine material, air- dried, and was mixed with the grout as it came 


from the field mixers, “The | compressive strengths of the sawdust mixes 7 Z 


out mixtures. Then a small-scale grouting 
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April, 196 
lower than those of the standard one. However, a com- 
_ parison of test data using the relation previously established between eer ncome 
‘g a and water content indicated that the results of tests with sawdust mixes mixes agreed — 
with those of the plain grout for comparable water contents, 
: ia Use of Rock Flour at Norris Dam.—In describing the foundation treatment 
ts | Norris Dam during the construction period of 1933 to 1936, James _ Lewis: 
(6) reported the results of some laboratory grout tests supplemented by addi- 2 
a _ tional investigations in the field. Preliminary field tests were made to deter- 
E mine the suitability of rock-flour mixtures for grouting. The results indicated © 
= that grout consisting of equal parts of cement and rock flour and a water- 
cement ratio of 1.0 was more desirable than plain cement grout because it 
ace 4 penetrated the cracks better and did not set up in the pipeline during pumping. — 
~The rock flour was finer than the cement and definitely h had a a retarding a 


such as rock flour increased the distance traveled by the grout fluid so vied 


= . areas completely outside of the region that needed treatment were grouted 
and the quantity of material used was increased appreciably. a a 4 
a _ In order to reduce unnecessary consumption of the material, tests were 
made to determine the effect on setting time of adding calcium chloride on ; 
7 > -(CaClg) to the grout. . The acceleration of set caused by the addition of 3% “a 
5 _CaClg by weight of the cement toa marked extent counteracted the retardation | 
. _ caused by the rock flour. The resulting product possessed pumping and handling 
a a characteristics similar to those of regular portland-cement grout. Com- 
oe _ pressive tests on specimens removed from the mixer in the field showed that 
_ the product was sufficiently strong and wouldbe able to resist erosion. Speci- 
i = mens cored from grout-filled seams after the rim grouting was under = 
Bc) exhibited a compressive strength of 2000 psi at approximately « 45 days. = 
is, _ The rock flour used in these mixes contained a quantity of fine clay lumps > 
that failed to disintegrate in the course of mixing. After some experimenting, 
. it was found that a satisfactory method of breaking down these lumps was by 
_ use of a separate, mechanically agitated mixer from which the rock flour — 
_ ~passed asa slurry through a screentothe grout mixer. The rock-flour ol 
; was similar to that used for the grout and was driven by the same type o of 
air motor, but had one compartment instead of two. 
During the preliminary grouting for sealing the first cofferdam, an attempt 
= was made to. economize by mixing sand with the grout. The experiment was > 
- unsuecessful as the pu pump and lines were . plugged solid. Cores of the sand 
grout later removed from nearby holes showed atendency toward segregation, — 
material in the cores was leanand crumbly and generally of poor quality. 
_ Lewis stated that he felt it would be unwise to attempt the use of sand for 
grouting seams foundation that would be subjected to more than a moderate 
Cement Grout with Asphalt Emulsion.- —As a result of a cooperative re- a 
search and field testing program undertaken in 1941 by the Texas Company - 


‘Thurston (14), it was discovered t that in road-bed stabilization the addition of 
- emulsified asphalt to the grouting mixture improvedits penetrating and sealing a 
_ properties and permitted the use of grout mixtures containing less portland _ 
_ cement, The standard emulsified asphalt originally used set too slowly, anda 
4 quicker-setting emulsion was developed by adding small amounts of chemicals 4 
to facilitate mixing with the coment and sand, to control the setting time, and — 
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wnt or r hydraulic pressure. Both methods have ‘their advantages and both | 
have been used successfully. Soil conditions determine ‘the correct grouting < 
a _ mixture | to be used, The recommended limits presented in Table 1 allow leeway 7 


_ for all types of conditions. il 


a very fine “blow” sand was found to be the most suitable : for the grout oe 


mixture. Such a a a sand, of which about 90% will pass through a 48-mesh sieve 
about 20% through -100-mesh sieve, pumps most easily, causes the 
7 least wear on the pumping equipment, and flows most readily into the volds, 
When sand is not ideally graded in particle sizes, the addition of fly ash at . 
rate of 3 pef to 12 of other dry materials improves pumpability 
Grouting Lignite Seams at Garrison Dam.—Experimental grout studies (19) a 
mo ‘ane conducted in July 1948 on the lignite seams in the Fort Union formation © 
at Garrison Dam. The tests were m made the area as considered 


) 
Mixture Parts by Weight "Parts by Volume 


3 the most suitable for subsequent excavation to observe and study the effective-_ 
ness of the grout pattern. To determine the feasibility of grouting the lignites, - 


4 “1, Methods o tow 


ole; 


4. The most effective _and economical cal quantity of grout for each h ale; 


veloped from soft rubber hose, had an "outside diameter of 3- 1/4 in, and an 
7 inside diameter of 2-1/4 in., and was cut in lengths of about 2-1/2 ft for these 
. particular tests. The packer was assembled onto a packer coupling end. The > 
- upper coupling was movable to allow the packer to expand against the bore of © 


the hole without exerting an undue strain on the packer material at the coup- 
ling . Metal straps were used to fasten the packer to the couplings. gel 
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a by the straps. The expansion of the packer against the sides of the hole in the ; es 
soft Fort Union formation was best obtained and maintained through the use 
water instead of air as the expanding force. 


and 1. ‘ ft. thick lignite t in 1 the area of the 


of Garrison Dam can readily be grouted. 

my | These lignite beds can be grouted at one time or separately. _ 

3 . Either the “full-depth” or “stop ” method of grouting was satisfactory. 

_ 4, Water-cement ratios ranging from an initial 1.5-to-1 to 0.7-to-1 ap- . 
“peared to be the most satisfactory inthe test area, 
The rubber packer performed satisfactorily with water used 


pressure ‘differential of 25 psi on the packer was satisfactory. 
The grouted lignites were examined in excavations made for the purpose 


‘of studying the joint patterns and the success of the grouting (20). The ex- 


aminations indicated the followin facts: 


pe Both the and 7,5-ft-thick lignites were readily grouted and it was 
assumed that other lignites- in the same area could also be successfully = 
2. The stop method, instead of the full-depth method, should be used in 
grouting the lignites in this area because there was almost no grout in the ~ 
™ -ft-thick bed where the full-depth method had been ES 
3. The use of a packer made it possible to obtain more accurate ee a 


a _ 4, A spacing of 20 ft would prove satisfactory in obtaining an insaii grout 
_ pattern, provided the stop method of grouting is used, 
a Se Horizontal bedding planes or joints serve as grout channels. The pz pat- 
tern and continuity between the vertical and horizontal joints were excellent. 
6. On the basis of the number of joints observed per unit area on the 
surface of the two lignites, the percentage of voids was computed as approxi- 
mately 0. 8. Prior to and during the testing program, it was assumed that 
“the percentage of voids in the lignites ee ee 
The relative ease with which these lignites were test-grouted 
“that high pressures and thin grout mixes would obviously be inapplicable and — 
would result in an uneconomical use of grout by forcing it long distances on aan 2 
each side of the curtain, 


Grout for Stabilizing Soft Soils, San | 
concerned with the feasibility of mixing athens cement grout in place with 
soft soils to form a stable mass was conducted by Intrusion-Prepakt, Inc., 
ae the direction of the U. S. Naval Civil Engineering Research and Evalu- | 
ation Laboratory. The research included both laboratory and field studies of 
methods of mixing with special emphasis on their applicability to naval con- 
struction, particularly in water-front foundation problems. . In the laboratory 
“tests, wooden boxes were filled with various soft soils, and various mixing _ 
heads were used in grouting the soils. Whenthe soil in a box had been grouted 


and attained its set, the box sides were . removed for examination and sampling © 


materials used were Standard d portland cement type fly ash, a 


provide a measure of the effectiveness of the grouting, the following control 


> tests were performed on the grouted soil: (a) a (including compression 


The following pertinent conclusions were derived from the — 
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cubes and (c) m ‘miscellaneous others 

such as determination of soil oil properties. . Grout-line pressure 1 measurements | 
field tests were performed in ‘natural ‘mud deposits at San Francisco 
- Naval Shipyard, Hunters Point, on the west side of San Francisco Bay. The 
method consisted primarily of mixing grout into the soil by pumping while 
the soil was in place. This was accomplished by employing an auger or mixing 

blade with grout outlet ports in the lower end, and with hollow shaft. As the 

auger advanced into the soil, a controlled quantity of grout was pumped through 
_ the hollow shaft and distributed through the outlet ports. Thus, a column of | 

grouted earth was created. A light core-drill apparatus, with a blade- — 
ee head substituted for the usual bit, was used to accomplish the work. 

ae It was concluded from the : study that the process of mixing grout in place 

with soft ‘soils to form structural elements (such as piles) is feasible within | 

limits, but is more adaptable to repair jobs and small-scale construction 

than large permanent works, By exercising proper control over mixing 
4 procedures, and grout type and quantity, and by making shallow trial units, a 

“pile” of satisfactorily uniform cross section can be produced to a depth of at 
least 40 ft in very soft soils. The depth is limited by the power of the | equip- 
: ment available and by the soil which must have very low shear strength and be _ 


saturated. Specific conclusions derived from the investigation were. as follows: 


oa 1. The uniformity of grouting depended largely u upon quantity of grout tie. 
duced, type of mixing head used, andthe number of head revolutions per — 
foot. Usually the center portion of the unit was richer in grout than the outside — 


; portion and the | grout did not permeate appreciably beyond the diameter of the 


2. The strength of the field mixes was erratic and could not t be predicted 
-accurately from laboratory mixes using the same quantities of the same -ma- 


3. It did not appear feasible to use less | than 35% grout in the field i 
the tensile strengths of the soil-grout mixes were very low. 

grouts containing fly ash and the grouting admixture offered 
over neat-cement grouts from the standpoint of and nd pumpa- 

The most suitable mixing head for placing soil units was found 

to be the individual blade type as contrasted with the continuous auger type. | 

@ Advantages of this method of grouting are the low overhead clearance required : 
for placing and the ‘relatively light equipment used in the operation : as com-— 


ared with conventional ile-drivin equipment. | 
—. Grout for Mixed-in-Place Piling.— E. R. Colle, M. ASCE (37) reported z -_ 


investigation undertaken for the Department of Forests a / and Water Division of 


, Flood Control, Commonwealth of Pennsylvania, to determine the feasibility of ] 

=a _ using piling formed by mixing grout in place by use of an auger with the soil, 7 
- gand, and gravel on the river side of the concrete floodwall of the Lackawanna 
River at Scranton, Pennsylvania, to stabilize and protect the wall, = | 


_ Six 20-in. diameter test pilings 16 ft intothe underlying silt and sand were > 
in groups of three each so spaced as to overlap each other. The presence 
- of boulders to a depth of 7 ft to 9 ft made it necessary to excavate the test 7 
area to that depth and backfill with riverbed material from near the site. In Lf 
“the first group of three the grout inten were 3 bags of cement, 1 — of aa 
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the second group of three the proportions were 2 cement to 1 filler plus 1% 
aca aid and 15 gal of water. Piles 1 and 4 used 30% grout; piles 2 and 
seed 40% grout; and piles 3 and6 used 50% grout. 
— _ After 28 days diamond cores were removed from the test piling drilled 
: - nto the portion of each piling made from the grout mixed with the silt under- 
Tying | the backfilled area. Strengths ranged from about 700 psi to 1650 psi, : 
with 50% grout being required to produce the higher strengths. Although the Le : 
desired compressive strengths of 2500 psi and 3000 psi were not obtained, it 
am was the Opinion of the » reporting en engineer that higher strength than that indi- ie 
could be realized by allowing for the overlapping of the piling and using 
. ~~ diameter than the 4. 8-in. cores tested. The consensus expressedin _ y 


. Colle report was that a mixed-in-place pile wall was a practical applica~_ 


mineral filler, 1% chemical aid ‘by weight of cement and 17 gal of water. ; 


for insuring stability of floodwall and loss of foundation 


> 


in-place pile technique could be used to form an impervious core wall in pro- 
posed levee construction for flood control in in Stroudsburg and East Stroudsburg, 
Six laboratory mixtures gave promise of fulfilling the requirements of 
‘satisfactory cutoff. The parts by weight of the basic grout for three of the 
_ mixtures were: - 1 cement:0. 4 mineral filler:0.28 bentonite:1.78 water:0.0141 
chemical aid. The parts by weight for the basic grout for the other three 
mixtures containing no bentonite follows: 1 cement:0.39 mineral 


Colle (39), was for the purpose whether or not the n mixed- 


_ Little difference was noted in the deflection at rupture between speci- 
“a ‘mens with and without bentonite. Permeability of specimens with both grouts 
approached. that of conventional concrete. . Strength of the bentonite- grout 
: ‘specimens (330 psi- 500° } psi at 28 days) ‘was much less than the neat- grout 
specimens (3530 psi- 4600 psi), but as flexibility and watertightness were | 
considered more important than | strength, it was decided to try the cheaper — 
"grout containing 20% bentonite, as well as the ‘grout without bentonite, the 


centers without bentonite, and on 12. in, centers without an 
piles were 15 in. in diameter. 
vey Difficulty was experienced in attempting. to extract cores from the test 
piles because of the oversized pebbles in he pilee and because of the a 


: bentonite at 29 oval was ; 1600 psi-1800 psi and with bentonite 150 ps psi-180 pei. 
_ The recommendation of the engineer was to use grout with 20% bentonite — 

and to excavate along the line of the cutoff to remove troublesome boulders 
and backfill prior to making the cutoff with material ~— ail — — 
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q 
pes —--- 30%, 40%, and 50% soil by volume from the test project site and small cylinders | —_— 
7 
— 
bentonite and eight without bentonite were made, Two piles apart from 
pend each other contained bentonite; one apart from the others was without bento- 7 
| 


aluminate cement which might prove of value in some phases of grouting are A 
available (24). Although research is not noted therein (24), information 
‘presented which might be found useful for special grouting conditions, and 
therefore is described h here . Aluminous cement s sets and hardens when = | 
with | water and can be subjected to the full load for ‘which it is designed - 
less than 24 hr after placing. | — rie the pertinent special uses of —_— 


1. For grouting leaks where q quick- hardening are advan 

tageous, , such as in work around dams, mines, and tunnels; se 


When portland cement is mixed with aluminous cement, the set is greatly | 
accelerated, frequently causing flash set. Such mixtures are not recommended 
_ for ordinary construction work, but when placed with a cement gun the alumi- — 
nous cement- -portland | cement mixtures may solve di difficult construction prob- 
lems. In the cement gun, the water joins the cement at the nozzle of the gun, 
Thus, flash-setting mixtures may be used the pneumatically- placed 
mortar is in place before setting can occur. _ This method is convenient for 
_ special conditions, ‘such as. shutting off water, sealing caissons, and stopping 
Seepage inrock seamS. 
+l Other Reviews of Grouting.—A thorough review of equipment, materials, q 
nd procedures used in foundation treatment was presented by A. | W. Simonds, - 
Fred H. Lippold, Fellows, ASCE, and R. E. Keim (25) in 1950. The information 
tay presented is based, for the most part, on | experiences gained in grouting = 
_ the foundations of twenty or more large dams, It is concerned with the appli- = iP 
7 cation of neat-cement grout, although the use of other foundation grouting ma- ‘ 
as asphalt, bentonite, and clay, is also described. 


is described, many conclusions are listed. 
‘Use of Injection Devices and Ultrafine Cement at Shaver Dam .—During the 
_-years 1945, 1947, and 1949, the Southern California Edison Co., Los Angeles, 
Bi se ., conducted experimental programs in grouting leaking construction 
joints at the company’ 8 Shaver Dam. A specially developed cement and equip- — 
ment furnished by the Portland Cement Association (PCA) were used in the 
4 work. Grouting successfully stopped some of the leakage but water | was still 
J emitted by some of the very fine cracks. Three methods of grouting, none = 
was were” tried in the program, 
1. The hand- thrust method wa was s tried in 1 which g gun ‘seats | anchored astride 
Zz the injection holes in the leaking construction joints, and a rubber-tipped | 
q _ grout” injection gun were used, In this method the heavy pressure required to 


obtain penetration made it - difficult to maintain e¢ contact between the gun ‘seats 


> wn 2. Holes were drilled in the construction joints and expansion shields were x 
placed in | the holes. A specially made pipe ‘connected the hole with the pump. 
_ Fines produced by the drilling could not be removed completely; eT, eX} 
_ the cracks were bridged, causing grout refusal. ee eee 
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was The plate: was clamped over the injection hole bolts inserted 
r 
§ through the plate into lead expansion shields placed in the d fom face. aie 


Grout used in this program was prepared from 0-40 micron fraction of 


an 
a high-early-strength portland cement. It was found that a pont on mix of 4.0 to 


5 0 water-cement ratio was required to penetrate some joints. plapeaitne: ec 
_ The High-Speed, Dual - -Drum, Circulating- Type Mixer. —In February 1955 = 

a report (28) on the use of a high-speed, dual-drum , circulating type grout 
mixer at Folsom Dam was issued by the Sacramento District, Corps of Engi- 
‘neers . The machine is intended principally for mixing mortar grout and is 
claimed to produce a more stable, fluid grout than the regular-speed paddle- 

_ type mixer. Comparative tests made with this mixer and a standard paddle- a 
type mixer indicated that mixes of substantially equal stability could be pro- —— 
duced by conventional mixers and methods if the normal mixing time is in- 


Te advantages of the hi 


‘Better mixing of the grout and freedom: are 
a 2. Mixer can be at ground level. Cement can be taken ken directly from back 
of truck with less lifting and handling; 


_ 3. Discharge can be pumped to some distance ines and a a little above the 


. The apparatus is highly mobile, compact, and 
5. It is very easy to clean; "ES 
a 6. The mixer mixes small batches, and is ‘ancien better adapted to 


sensitive control o wat r- ement atio. 


The: following of high- were 
Heats grout or water left in running mixer; 


2. Is more expensive to buy and maintain than conventional mixers; and 
_e . Requires a little more care in operation than a conventional mixer, ‘. 


LABORATORY RESEARCH IN THE UNITED ) STATES 
Bureau oj of Reclamation.— —The USBR has done a considerable amount of 
investigation in | the development and use of suitable instrumentation to measure k 


are the Standard Oil Company’ s oil well testing apparatus, al piano- wire torque 
meter, an inclined pipe flow meter, shot-cell flow meter, a glass tube and 
viscosimeter, and _the Stormer viscosimeter. fluidity of some 


oll well measured viscosity and mixing time by use 
of a complicated procedure not necessary for ordinary grouting. wee ld eee 
In to obtain: _ suitable for the consistency 


A new injection device was used which proved to be the most successful 
the three methods of grouting tried, The device consisted of arubber- 
— 
im 
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= _ uts Can be measured weil in one type Of apparatus but not in another, The = aa 
consistency of sanded grouts, for example, cannot be readily judged by obser- 
7 _ vations with some viscosimeters, and the torque meter is not sufficiently - i 
A 
— 


7 turntable on which a pan of grout 2 in. deep and 7 in. in diameter revolved. | q 


A pendulum weight in form of a disc weighting about 23 lb with two crossed 
1/8 in. round rods attached to the underneath was suspended from a 35-1/2- q 
in, length of No. 18 music wire above the revolving pan. The disc weight was 
retuned from 0° to 360°. Provision was made for immersing the crossed 
rods attached to the disc in the revolving pan of grout. The moving grout im- 
: ‘parted torque to the suspended assembly. The thicker the consistency = . 
_ Tests to develop further equipment to measure flowability were made | (16) 
for which the length of time required to discharge a fixed volume under low 
head (16 in.) through a 7-ft length of 1/2-in. pipe inclined upward at 32° was ; 
observed, This approach was not too successful and led to studies to develop” 
: _ In development of the shot cell it was desired to obtain apparatus sensitive - 
: enough to detect small changes in the flowability or ability of thin grout to 


7 penetrate restricted openings or penetrate a bed of granular materials. The 
cell consisted of a transparent plastic tube containing a known weight of steel | 

be shot. The length of time required for aknown quantity of grout to pass through ~ 
the cell at a carefully controlled constant : provided a quantitative 


_ Tests of grout through the cell and through a viscosimeter made of small 


mS burner flame indicated that - flowability and viscosity a are re closely rt related. = 


Both were be indicate small differences in the flow 


viscosity (consistency) of neat grouts (33). 

_ The USBR has conducted considerable research into the effects on - 
properties of grouts of adding organic materials and mineral fillers to grouts. 

_ The effects of passing cement through a colloid mill were observed. ~~ 
“The oil-well cement used in grouting at the Boulder Canyon Project in 1943 
had desirably long setting time with good early and ultimate strength (8). Its 


cost, however, was $1.00 per bbl more than that of modified (type II) cement 


mut It was felt that the addition of the correct admixture to ‘the: modified ce- 
— cost. An investigation was made of a compound containing 87-1/2% calcium 
- lignosulfonate and 12 -1/2% triethanolamine. An oil-well cement was used as 
a a control and the additive was used experimentally with modified cement from 
Bp Po mill as the oil-well cement. The effect of the additive on slurry 
made with high-early-strength cement was also determined. = 

- ay. It was found that by use of 0.10% to 0.16% by weight of the cement the de- 
‘sirable properties of the oil-well cement were imparted to the modified ce- | 
ment. The admixture was prepared as a solution and added as the grout was © 
mixed. The added cost for the admixture was about ‘¢ per bbl. Viscosity was 7 

decreased, “setting time increased, and strength unimpaired. The material 
= successfully used in the field. In contrast, with high-early ‘the admixture — 
caused premature stiffening and increased viscosity. 
A rather extensive series of tests (13) involving small batches of grout — 
were made and tested under several conditions on 
Sey was measured d by use of the torque mete 
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ri of sand (all of which was finer than the No. 30 sieve), fly ash, and a 

chemical admixtures; of special so-c called low-solubility ‘cement; of 
observed. Voluminous tables data were derived. 
Briefly, it was found that fluidity increased with mixing time. Maximum —_ 
qT fluidity was obtained after 10 min n of mixing with the less vigorous mixer and , 


EE to it but more vigorous in 1 action, The effects of mixing time; of additions - 


in 5 min with the vigorous mixer. Increasing water content decreased 
_ viscosity. ~The addition of sand without addition of water decreased fluidity. 7 : 
_ Increase in temperature decreased fluidity for grouts with low water (cement — 
+ fly ‘mafleeroe However, : at ratios of 0.65 or more by weight consistency — 
= 
| = with > oon fly ay wae cement was about twice as fluid as grout with om 
cement. The admixtures containing lignin compounds appeared to decrease i 
consistency. The: “low-solubility” cement was supposed to behave in grout 
without fly ash as other cements would with fly ash. At equal water c cements, 
ordinary cement plus fly ash provided grout of lower viscosity than did the 


- Another investigation | @. (12) beyond that previously described (8) was 

- made to find an admixture that, when addedto modified (type II) cement, would 

retard its set without impairing its strength thus making it behave similarly 

to a good oil-well cement. Such materials 

_ grout to be used in areas where hot water is encountered and in circumstances 

where it might be desirable to prolong the setting time. its 
Twenty-' two admixture materials or combinations of materials in several 


different proportions were tested for their effect on nominal consistency and © 
setting time of paste, strengtho of anes cubes, and cemmaaets of cement won 
containing 40% water, are: 

‘The most effective and a materials for the purpose of snetiiin 

_ without loss of strength were lignin compounds, Used judiciously they appeared 
to impart. to modified cement the qualities and characteristics of a finely 


ground oil-well ‘cement. Set was definitely prolonged, viscosity decreased, and 
they retained their cco action under the conditions of test up to 140 4 : 


plus (2) calcium lignosulfonate alone, to (a) one normal 
cement (type I), (b) ten modified cements (type II), (c) five > high- 


It was found ‘that: most of the ‘modified cements responded very favorably 
to the addition of 0.16% to 0.30% of the lignosulfonate-triethanolamine admix-_ 
- ture. . The low-heat cement responded favorably. The normal cement became 
flash setting with the combination admixture, but behaved well with calcium 
_ lignosulfonate alone. Only two of the five high-early-strength cements re- 
_ sponded favorably to the combination admixture. All five responded favorably 
to calcium lignosulfonate : alone, but not to as great ; an extent as the modified 
cements orthemormalcement. 
_ The investigation indicated that the combination of triethanolamine an 
calcium lignosulfonate ‘should be tried in the laboratory to observe its 


‘on the cement selected for use in the field before actual trial on the job a 
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In ore 
“ama cause appreciable reduction in grain size of the cement thus ms ll 
in a material which would better remain in suspension, and exhibit better 
- flowability (penetration would be improved if grain size were reduced), tests 
were made with a “Charlotte” “Colloid” milk, ss 
The mill was borrowed from the Colorado School of Mines and tests were 
7 made with clearances between rotor and stator of 0.0030 in. to 0.0150 in. = 
5 Slurries of ethanol and cement were used because in correct proportions a 
4 they would produce slurries similar in characteristics to water and cement, | 
7 but t there would be no reaction between the ethanol and the cement. Cement - 
suspensions of ethanol to cement (milliliters per gram) of 0. 40 and 0.60 were 
a passed through the mill at various settings, dried and the } change in fineness 
the cement determined by aturbidimeter, 
Be It was found that the maximum change infineness with passage through the 
mill was about 8% increase in specific surface . Actual grinding was negligible a 
because the closest setting was 0.030 in. (76 microns) which would only 
grind material considerably larger than the 325-mesh sieve (44 microns) 
- Most of the increase in fineness must have been due to dispersion. Subsequent 
passes of the slurry through the mill after the first pass | were much less — 
Flowability was greatly improved and viscosity greatly decreased by 
- ~passage through the mill . Curiously, the rate at which | the solids settled from 
a column of slurry in a test tube was appreciably increased. 
_ The effects of bentonite on the properties of neat grout were investi- — 
- & gated (33) . A series of thirty-five mixtures containing 2% bentonite by weight | 
of cement was made. In some of the mixtures the bentonite was added dry to 
s a the cement before mixing with water; inothers it was premixed with the water 
before the cement was added. The effects on consistency, settlement, strength, " 
‘Tt was found that bentonite thickened the grout at the same water content, — 
’ but the thickening was not considered objectionable at water-cement ratios of 
1:1 to 3:1 . Bentonite markedly decreased the amount the solids in the a | si 


settled on standing. At equal consistencies bentonite produced a marked re- 


duction in strength. The maximum thickening effect was obtained when the 
_ bentonite and water were premixed. The lime and alkalies leached from the 
a cement were believed to inhibit « complete swelling of the bentonite. = 7 ried al 
_ Data are reported on 104 mixtures (34) on which tests were made to de- 
termine the effects on fluidity, strength, and settlement, of using retarders, 
4 dispersing agents, and fillers such as fly ash, - pumicite, and bentonite, and ; 
various combinations of admixtures and fillers. = 
: Most of the grouts had a water to solids ratio of 1.57 by absolute volume, 
_ mixtures were pumped through 250 ft of 1/2-in. pipe with gages along the 
- pipe and the time required to discharge ‘1/2 cu ft of grout from the end of a 
a line was observed. The same pressure was m semen at the pump for all 
_ it was observed that the values for the coefficient of velocity obtained from 
on "the pumpability data did not agree with those obtained with a standard viscosi- 7 
_ meter. Soc is believed that slurries do not behave as true fluids, but rather as 
and David Caldwell treat this phenomenon 
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some dispersing agents and by the substitution of up to 30% fly ash for cement 
rd without detrimental effect on strength. The substitution “of pumicite, diato- a 
in maceous earth and bentonite for cement increased the thickness and decreased 
the pumpability of the grout. The agents containing accelerators 
causing increased rate of “strength gain caused rapid thickening: of 
ee discussing a paper by A. W. Simonds’ (17) on contraction-joint grouting 
of large dams, Simonds and Walter H. Price, F. ASCE (18) described USBR > 
tests which were ‘made to determine the minimum joint opening that can be | 
= and the efficiency of grouted joints intransmitting stresses. Although 
& tests were made to obtain information needed in grouting contraction \ 
_ joints, the results are also useful in the grouting of small openings in foun- _ 
a dations. The tests showed that it is possible to grout effectively a joint having 
a width of 0.005 in. using cement screened through a 200-mesh sieve. Complete eae: 
i - coverage of the joint area was not t always ¢ obtained with this small opening, 
and pressures as high as 500 psi were required to force 0. 75 water-cement 
a ratio grout through the joint. It was indicated that an opening of about 0.008- 


4 passing a 200-mesh s sieve. 
Grouting of Foundation Sands. —The results of a study performed by the a 
 sotis Division, | Waterways Experiment Station, to investigate the feasibility 
grouting foundation sands using modifications of existing grouting proced-_ 


ures, w _ with particular reference to cement grouts, and to consider the poten- 


investigation co sist d of ty 0 ts: oh ie 


1. review of published information 1 on injection grouting theory and ap- 


plication, and factors affecting the success of grouting. Se Mats ary 
2. A laboratory investigation program, guided by these findings, to deter- 
“mine the potentialities of commercial type III (high- early- strength) portland 
cement, -scalped type III portland cement, slag cement, ground slag, and cal- 
> cium acrylate grouts in grouting foundation sands; to explore the possibilities : 7 
_—~of improving these grouting agents through modification of the injection pro- 4 
ca _ cess or technique; and to develop a tentative criterion for predicting the suc- 
F cess or lack of success that will attend the grouting of a particular sand with ' 


AC Several references were listed in the report butonly a few were discussed oe 
> 4 fully in the ‘literature review. The more relevant and important points in the 
i 


Cc F. Ko llbrunner and C. Blatter (7) stated that injection of cement 


"suspensions is possible only at a pore- size diameter larger than 0.1 mm, © 


“Laminar Flow of in Pipe with Special Reference to 7 

Harold E, Babbit and David H, Coldwell, Univ. of Ill, Experiment Sta.,, , Bulletin ee: No, 
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OF grours With new Tateriais. were reported (249) in June 
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0. mm, ‘the coefficient of ‘permeability for ‘successful cement 
os of sand is about 1000 x 10-4 cm per sec, Kollbrunner also reported Bf 


that an injection can be successful only if the pressure increases as the soil 


A pores become filled to capacity with injection material, and if the deposited — 


6 with grain size Dio) and sand-grout ratios asindicated. = 


materials are compressed by filtering off the liquidcarrier. For this reason, 
_ @ pump should be employed instead of air pressure in injection work and when 
refusal is reached, the pressure should be maintained for 40 to 50 min, = 
a... A. Machis, M. ASCE (21) experimented with cement slurries and con- | 
cluded that no amount of pressure will make a cement slurry pass through © 
g with grains finer than 0.59 mm. However, penetrations in the order of 
3- or 4-grain diameters were obtained in sands with a grain size of 0.59 a i 


Air pressure was | used to perform the tests best results 


ae loose sand ‘is smaller than 0. 5 on mm, , the grout merely ‘displaces the ma- — 
terial by lateral compression and the result of the grouting operation con- ‘ 
a sists of compact, tree- shaped bodies of solidified cement separated from 


each other by layers. of sand with unimpaired permeability. = | 
Laboratory tests were conducted to determine the minimum grain size of aa 


‘sand that could be successfully grouted with the potential grouts under con- 


Sand Grain Size _Sand-Grout 
rout _ 

* 


Slag ¢ cement 


sideration, and to collect data that aid in the determination of the 
_ groutability of sands and in the selection of suitable grouts. In order to ef- 
fectively evaluate the materials in both phases of testing, the following labora- 
tory steps were carried out, for each specimen in the order given: (1) per-_ 
-meability determination before grouting, (2) grout injection, (3) moist curing, © 
(4) permeability determination after grouting, and (5) unconfined compression ~ 
test (when practicable). Five basic grout mixtures, in w which the cement, sand | 
Bye size) water-cement ratio, and admixture were varied, were tested. 
pertinent conclusions were developed from the test results: 
Each o of the grouting materials” Table 2 w will grout san sands” 
re. ‘The anticipated low cost of producing cement for field grouting makes 
Ill cement the most promising potential grouting agent 


| 4 
. Karl Terzaghi, Hon, M. ASCE reported that fissures with widths 
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3 . A water-cement 2: 1 is. near and may be expected to 
produce a grout of maximum penetration and stability. i Diy “eal 
lignosulfonate did not have a beneficia ect upon cement 
A... Grouting ¥ with the cements tested is not possible when the sand- -grout — 

ratio (Dis size of sand/Dgs5 size of grout) is below 11 

6. Grouting is possible when the sand-grout ratio is more than 24. Although Pe 
additional tests will be required to o more closely define the sand-grout ratio 
= of groutable material, it appears that a oant-gront ratio of 19 may 


represent the limiting sand-grout ratio. 


- Pumpability of Sanded Grouts. —T. B. Kennedy and J. M, Polatty (31), in 
— 1955, reported the results of the first phase of a comprehensive study of 
sanded grouts. In this phase, pumpability tests were made of cement grouts | . 
that included chemicals and mineral fines. Laboratory- and 
_ pumping equipment were used in determining the amount of natural sand a 
passing a No. 16 sieve that can be added with certain chemical admixtures 
and finely ground mineral fillers to portland-cement grout without ir injuring 
its pumpability. This information was sought because itis frequently desirable, re 
from an economic as well asa structural standpoint, to use a cheaper material 
than neat cement in grouting foundation cavities. 


a The pumping tests were made with cement, ‘sand, and water in combination — 
with various The admixtures tested 


requirements and that might be expected with — 


ratios of cement-to-sand at a relatively constant consistency. The consistency — 
of the grout was measured by means of a torque consistency meter and a 
‘Stormer viscosimeter. Compressive s strength and time of set were deter- 
beg o on grout that had the longest pumpability record for each combination. | 
General conclusions based the tests were as follows: 


— * Two parts of ordinary concrete sand after passing through the No. 16 
sieve, to one part be pumped wi the aid (of adr admixture at 
i 3. Bleeding did not correlate with p pumpability. “gates 
“pressure after interruption i in pumping and before good flow was was. re- established 
‘resulted inobstruction inthe lines, 
ee 5. The age of the grout (the length of time it had been mixed and pumped) © 
had an effect on its pumpability; the older the grout, the more sand it = _ 
carry and still remain pumpable. Visually it appeared that the older the grout, 
the more unctuous and homogeneous — it became and the better it pumped, 

_ However, the grout stiffened with | age | and required addition of water to main 
«6, « The temperature of grouts containing portland cement apparently in- 

4 fluenced their sand- capacity. The higher the temperature, the more 
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. The grout fluidifying ennaters and methocellulose increased the sand- 
“edreymg capacity of the grouts to a small extent, diatomite to a greater ex- 


: i tent, and bentonite to a very great extent: however, the use of more than 10% 7 
bentonite permitted incorporation of such a a large amount of sand that practi-— 
28 8. The use of calcium chloride had little or no effect on the’ ane - 
capacity of the grouts. Calcium accelerated the set and had a bene- 


The influence of sand g1 grading and addition of mineral fines on the pumpa- 
__ bility of cement grout was investigated during the second phase of the sanded 
grout investigation program, and the results were reported (32) by J. M. 
- Polatty, F, ASCE in October 1955. The second phase also included two — 
of tests to determine the maximum amount of sand that could be pumped in + 
: sand- cement grout using sands of six different gradations. In the first test 
series, five percentages of sand, from 0% to 25%, passing the No. 100 sieve 
were studied. In the second series, a sand deficient in material passing the 
No. 100 sieve was used and the effect of adding increments of finely divided J 
mineral ‘fillers such as diatomite, fly ash, pumicite, and loess, was deter-_ 


mined, Mineral fillers were added in increments that varied up to an amount > 


equaling the weight of the 


> 
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j 
“No. 100 sieve from 0% to 25% permitted the ratio of sand to cement in n pump- 2 
able grout to be increased from 2:1 to 3:1 by weight. However, the water- 
cement ratio with the added fines increased from 0. 63 to 0 0.87 by weight, 
while the 28-day compressive strength dropped from 3505 p psi to 2120 psi. 7 
- The following conclusions were developed 1 from the results of tests per- 


Ordinary concrete sand scalped over over a No. 16 sieve can be successfully 
When the sand is. | deficient in material passing the No. 100 sieve 
(nominal 0%), grouts with a ratio of one part portland cement to two parts of 
sand can be successfully pumped without the use of anadmixture. ~~ 
When the sand is deficient in material passing the No. 100 sieve, 
addition of finely divided mineral admixtures increases ‘the sand-carrying 
_ 4, Diatomite, the finest of the admixtures tested and lowest in specific 
gravity, was the most effective in increasing the amount of sand that can be — 


i in a grout; loess, the coarsest and highest in specific gravity, was the 


The bleeding ‘increased with the addition of fine ‘sand and was reduced wh 
the addition of diatomite. The addition of fly ash, pumicite, and loess did not 


ioe In each of the series of mixtures, the water unit ‘requirement neni 
= addition of fine material to mame | aconstant consistency and the rela- 
tive cement content actually decreased, resulting ir in na decrease in the re com- 
pressive strength of the g 
A third phase of the investigation to determine the influence of grading and 
specific gravity of manufactured sands on pumpability of grouts, was 2 
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‘by Polatty (36) in 1957. addition to determining the maximum 


of manufactured limestone and traprock sands that could be incor- 
porated in a pumpable grout, an attempt was made to evaluate the — 


The grouts used in the pumping we of this eiimmanliiina of the follow- 


4 ing combinations of materials: if 
Cement, water, and limestone sands of gradings, 
10%, ‘and 25% finer than the No. 100 sieve 
Cement, water, and limestone sand, none of which was finer 
_ No. 100 sieve size, with the addition of approximately 11%, 25%, "es anes ho 
100% of both fly ash and loess based on the weight of the cement. 
_ 3. The same combination of materials listedin 1 and 2 except that trarook 


sand was substituted f for sand. pes 


tests. of grout ‘mixtures “containing limestone sand showed an 


ee in the amount of sand finer than the No. 100 sieve ame resulted ina 


terial finer than the No. 100 sieve size, the ene aati of we 


increase in the percentage of traprock sand finer than the No. 100 sieve size | 
resulted in an increase in the total amount of sand that could be used in a 
pumpable grout, and (b) the” - addition of fly ash to the traprock sand with es- 
sentially no material finer than tne No. 100 sieve size ‘aa results meni 
lar to those obtained in the limestone sand-fly ashtests. 
ot examination of the pumping test results, it was noted that the in- 
crease in sand-carrying capacity of grouts incorporating traprock was rela-__ 
tively small compared to that of the grouts made with limestone sand. In 


- moting pumpability a as the limestone sand. It was found possible to) pump Ee 15 

Z parts of both limestone and traprock sand to 1.0 part of cement by weight — 
when the sand contained no material finer than the No. 100 sieve size, and : y 
parts of limestone sand or 2.25 parts of traprock sand to 1.0 part cement — 
25% of either sand was finer than the No. 100 sieve size. = = | 


The conclusions were from a of the test 7 


ie 2. The ‘specific gravity of the sands within the range tested had little or 
‘no effect on the pumping characteristics of the grout; 


_ 3. Both fly ash and loess were effective in promoting pumpability ool 
= used with > sands deficient in material finer than the No. 100 sieve size; — 
_ 4, The limestone fines used inthese tests, although having somewhat lower r 
7 “specific surface values than fly ash or loess, were pound : for pound more i 
efficient in promoting pumpability than the fly ash or loess; _ a -_ 


~ 


5. ‘Traprock fines, being relatively coarse, were not as efficient as fly 
ash or loess and were much less efficient than limestone in increasing sand-— 
_ 6. Setting time of the grout appeared to be lengthened slightly by addition 7 
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,.: Compressive strength varied with water haa but that of the mixtures" 
containing fly ash was slightly higher at 28 days; 


war A: 
‘Polatty (38) in October 1958. The pumpability of grout with limestone sand 
_ was investigated when additional fine material in the form of fly ash or diato- 

3 mite was added tothe mixture, The pumpability of grouts prepared in th the high- 

=. mixer was compared with grouts prepared in a paddle mixer, Be 
It was found that the addition of | fly ash or diatomite had about the same 


4.5 parts of sand to 1 part of cement could be pumped. With grout ccc ba 

1 part of cement and 1 part of fly ash, 7 parts of sand could be pumped. With 
the the same amount of diatomite 12 parts of sand could be pumped. Lanier ee oe 
_ The pumpability and other characteristics of grouts of similar ingredients 
and proportions ‘were similar whether mixed by ti the high-speed o or paddle 

Pressure Grouting of Fine Fissures.—In October 1956, H. K K. Cook and 
oT. B. Kennedy reported (35) an investigation involving several tests and pro- 

“cedures for pressure grouting fine fissures. The purpose of the program was aa 
to obtain information on the degree to which the penetration of fine fissures 
by grout is influenced by surface texture of the seam, pumping fon onll 
_water-cement ratio, chemical fluidifiers, and finely divided mineral additives. 
It was also ‘desired to determine the effect of these factors on the quay of 


The study was conducted in three e stages: 


The tiret stage furnished data on the water-cement ratio grout 
that could be pumped through fissures of 0.01-, 0.02-, and 0.03-in. thickness" ey 
at 100-psi pressure, _ using standard field equipment and methods andthe 
following grout mixtures: (a) Neat cement, (b) cement plus fly ash, (c) — 7 
plus fly ash plus a grouting aid. A study of consistency, bleeding —. - - 
istics, and setting times of the various grouts was also made. After the — 
grouting tests were completed, chemical and petrographic examinations 


‘bleed water and solid residues from some of the high water-cement ra ratio 
outs, and further bleeding tests were made. 
2. The second stage provided information on grout penetration obtained _ 
a pumping pressures» of 25 psi and 50 psi using the three grout mixtures of | : 
the first stage and an additional mixture containing cement plus the grouting 
aid. Tests were also made of neat-cement grout plus calcium lignosulfonate Pa 
_ pumped at 25 psi, 50 psi, and 100 psi, and of neat- -cement grout plus a grouting J 
ae 3, ~The third stage consisted of pumping tests (through a 0.03-in. crack) 
at 50 psi of the following seven grouts: (a) Neat cement, (b) cement plus fly — 
ash, (c) cement plus calcium lignosulfonate, (d) cement plus fly ash plus cal- — 
cium lignosulfonate, (e) cement plus slag, (f) cement plus pumicite, and (g) i 
cement plus calcined opaline shale. Stage three also included tests for con- 
sistency, bleeding, : setting time, quality, and the - solubility in distilled water 
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a 1. The surface texture of a fissure vies a distinct influence on the thick- 


g “ ness “of grout that can be used to fill it. The smoother the surface, the — 
water-cement ratio of grout that will penetrate the fissure. 4 
q 


= 2. The maximum grain size of the solids in the grout determines the 
minimum width of fissure that can be grouted. The ratio of fissure ant - 
ee 
ee 3. The use of such materials as the grouting aid or calcium ie 4 e 
_ increases } the f fluidity of grouts to some extent, thereby promoting penetration 
of a given crack with grouts of aslightly lower water- -cement ratio than could 
be used successfully without them. Bleeding can be reduced somewhat vod 
setting time increased by use of these materials 
uc 4. It is impracticable to squeeze the excess water from a thin grout so as | 
= leave a dense, se filler in the cavity, at the pressures used in this pro- 


‘i 6, The use of finely ‘ground mineral admixtures such as granulated blast- 
- furnace slag, pumicite, and opaline shale can reduce the bleeding of a grout 
3 and greatly improve the continuity and appearance of the hardened grout film. a 
canal . The solubility of a grout film is influenced by the water-cement ratio. 
nd composition of the film, and length of curing. Certain mineral admixtures 


3 such as granulated blast- furnace slag and calcined opaline shale can be <a 


_ to reduce the amount of leaching that a grout film undergoes. 
straight-line pressure gradient occurs along a fissure 
a only if the fissure is of sufficient width. 
9. Neat-cement grout with a water-cement ratio of 0. 43 “penetrated the 
0. 03 ‘in. wide fissure at 25 psi, but it was necessary to increase the water- 
- cement ratio to 2.67 before neat grout would penetrate the 0. 01 in. wide e fis- 


sure at the same 
‘This report was prepared under the direct supervision the writer by 
Mrs. B. Johnson and Mrs. Cc. Derrington, assisted by L L. ‘Pepper, all 
the U. S. Army Engineer Waterways Experiment Station, 
_ The author is greatly indebted to Francis B. Slichter and Raymond E. 
Davis for their constructive criticism and suggestions, 
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SOIL MECHANICS AND FOUNDATIONS DIVISION 
vine of the American of Civil 


POSIUM ON crovrme: 


This p paper is one of several ‘papers that constitute the Symposium on Grout- 
a which occupied two sessions of the June 1960 waitin of ASCE in Reno, Ne- 


ing ‘Symposium Committee consisting of Stanley J. Johnson, F. ASCE, Chair- - 
T. William Lambe, F. ASCE, and W. K. Seaman, F. ASCE. 
ala It is believed that these several papers constitute a significant contribution 
to engineering practice in the art and science of stabilizing foundation mate- = 
rials by grouting. This is a field in which there appears tobe increasedinter- _ 
- est among foundation engineers andone which is expected to become more im- 
portant as time goes on and the need to build structures on ‘difficult soil con- 
> _ The papers of the symposium are concerned with cement, clay, and chemi-_ 
4 cal grouting of seams, cavities, and granular materials. The papers illustrate 
the increased use of chemicals for grouting purposes and also their use with 
_ more conventional grouting materials such as clay and cement; grouting of 
- overburdened materials which is rapidly becoming a more definite art and 
science and which, to some degree at. least, is ‘susceptible to laboratory ‘stud- 
ies; the grouting of a cut-off in granular materials to prevent underseepage 
-beneatha major pene project (perhaps the first t application of this type. 


Note.—Discussion open until September, 1961, discussions should be sub- 
mitted for the individual papers inthis symposium, To extend the closing date one month, 
a written request must be filed with the Executive Secretary, ASCE, This paper is part _ 
7 of the copyrighted Journal of the Soil Mechanics and Foundations Division, Proceedings 
= i American Society of Civil Engineers, Vol. 87, No. SM 2, April, 1961. ae 
Engr., Concrete Waterways" Experiment Sta., Corps of Engrs., U. S. army, 
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Pe a ‘Organized in 1952, the Grouting Committee with Task Committees on Ce- 
“ment, Clay, and Chemical Grouting has sponsored groups of papersor sweeten = 


pe: - occupying the sessions of of meetings of the Society in 1954 and 1956, as well as 
“Meck Papers on grouting which have been sete taba in the Journal of the Soil 


' pa as Paper 1 1426 in the November 1957 Journal. A draft of a report on a ; 
| has been prepared by the Task Committee on Clay Grouting, and the — 


_ pressing its appreciation to the task committees for the excellent manner in 
_ which they f have carried out their assignments and to the individuals who, as 


writers of p: papers, have made contributions the 


of routin in various fields. 


- Admin, Committee on Grouting, Prof. 
a Civ. Engrg., Emeritus, Univ. of Cal- 


ifornia, Berkeley, | Calif. 


The was to determine the maximum amount of 
different types and gradations of sand that could be used in a portland- cement : 
grout without injuring its pumpability. In addition, studies were made of the © 


- effect of various admixtures on sand pumpability, using ; sands that either were oe 


The U. S. Army Engineer Waterways Experiment Station under the author- -- 

_ ization of the Office, Chief of Engineers, and in connection with the Corps . 4 
7 Engineers Civil Works Investigation has conducted of 


ed 
° 
s ingis substantially in itsfinalform. = 
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to the extensive use of grouting on Corns jt woe folt thot 
4 program could furnish much 
— 


ruction and could ‘result in and usage of 
4 materials that \ that would ef effect cc considerable cost savings and insure e better ‘results. 


PURPOSE OF INVESTIGATION 


The purpose of the was, in to determine the maximum 
_ amount of sand that could be used in a portland-cement grout without injuring 
its pumpability. In order to widenthe scope of the investigation, different gra- 
: as dations and types of sands were test- pumped. In addition, the effect of various 
_ admixtures on sand pumpability, using sands that either were deficient in or a 
es of materials ls passing the No eae were studied. - 
a standard Type II cement complying with Federal Specification SS- -C- -192b 


rea 


was used in all of the test mixtures. 


Three types of sand were used in the test mixtures: 


A well- natural siliceous sand from Mississippi with a 2.6 
4 A manufactured limestone sand from Tennessee with a 2.7 1 specific gravity, 
3. a diabase traprock manufactured sand with a 2.9 specific gravity. 

‘The | gradation given in The Office of the Chief Engineer’s (OCE) standard - 
_ specification for ‘concrete sand was used as a starting gradation for the 
sands. However, this specification allows an average of 35% to be retained on 
_ the No. 16 sieve. By removing (by scalping) the material retained on this = 
sieve, the resulting average gradation is the “10% passing No. 100 | sieve” -— 
shown in Fig. i. In addition to the gradation, sufficient material passing the | oA 
= 100 sieve was either added or removed to produce sands with a | 
“4 of 0%, 5%, 15%, and 20% passing the No. 100 sieve for the natural sand and 
0% and 15% for the limestone and traprock sands. The gradations of the 0% and “a 
passing the No. 100 sieve are shown in Fig.1. = 

_ Five admixtures used in the investigation and their sources are as follows: a 
_ diatomite, uncalcined, California; fly ash, Illinois; pumicite, California; loess, 
Mississippi bentonite, Wyoming. for or the 1 materials usedas 
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The mixing, pumping, and circulating system consisted of a standard labo- 
ratory-type paddle mixer of approximately 37 gal capacity, andanair-driven, 
7 _ simplex 2-1/2- by 3-1/4- by 5-in. grout pump. The mixtures were test-pump- a 
a q ed through 200 ft of 3 /4-in.-ID rubber hose which, after leaving the grout pump, -_ 
vertically for 13 ft, made a 5-in.-radius turn, and returned tothe pump 
of the hose was coiled in a 5-ft-minimum radius on 
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the floor. 200 ft of 3/4-in in. hose consisted of four 50-ft sections, each sec- 
connected witha metal connector having a 5/8-in.-ID opening. Fig. 2 shows 


PESTS 


Before the ‘pumping test started, all materials were weighed out and the 
mixer, pump, and hose system thoroughly wetted. The water, cement, sand, 7 
and admixtures were then added in that order, except that the bentonite was — 
first mixed witha small amount of cement and then with the water and ei 
pefore introducing the bulk of the cement. After thoroughly mixing, a check 
- consistency test was made using a piano wire torque consistency meter and 
_ 7 water added, if necessary to maintain a uniform consistency of of 135° + 15°. Du a 
; ing all pumping tests, an attempt was made to operate the pump at a rate of 70 
After adjustments, the gr grout | mixture was pumped through the hose system 
and the _ of flow determined. Then the hose system was shut off for a nal 


TABLE 1,—DATA ON THE PHYSICAL PROPERTIES OF THE FINELY ae 


"Type pe Admixture "Specific Gravit Gravity Blaine Specific sur-|P 
face, sqcm per g 325 Sieve 


‘min period and the grout remaining in the mixer allowed to by-pa 
After the 15-min period was over, the hose line valves were opened slowly 
and the grout circulated. If it was possible to recirculate the grout after it had | 
remained in a static condition in the hose line during the 15-min period, the 
grout was judged pumpable. Three successful pumping 1 tests were made for 


7 _ At the endof the} pumping tests, consistency, bleeding, and rate- of- flow tests 


mixtures \ was divided into three general phases as follows: 
Phase “The e effect on the pumpability of grouts the three 


the “100 sieve, was determined. 
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of-set tests. The line pressures and temperature of the grout were alsore- 
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“April, 


2. ‘Phase The e effect of various admixtures on the pumpability of grouts 
_ containing the three types of sand with a nominal 0% % passing the No. 100 sieve 
3. Phase III: effect of various sus admixtures on on the ity of grouts 
_ containing two of the sands with a nominal > 10% ee the No. 100 sieve was hy 


Phase. I .—The first part of this phase consisted of tests to determine the — 
_ maximum quantity « of natural sand that could be pumped, using six different Ke 
7 gradations of sand. _ These gradations were all bastenity Similar except that the 
percentages passing the No. 100 sieve were 0%, 5%, 10%, 15%, 20%, and 25%. | 
Tt 2(a) ome results of these tests. It can be noted that the sand content 


om» Dan 4 
2. PHASE I - INVESTIGATION OF SAND CEMENT ‘GROUTS ING 


PERCENTAGES PASSING THE ‘NO. - 100 0 SIEVE 


Sand Per- 


Passing _ on One Part Strength, pat 


No. 100 of Cement x in per- 


Sieve Sand Water Initial | Final centage Day 


| @ | | | | 
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of the grouts found sail varied from two parts fora sand with i with 0% p. passing va 
the No. 100 sieve to three parts for the sandwith 25% passing the No. 100 sieve. = 
_ The second part of Phase I included tests to determine the limits of pump- 
3 ability of a limestone sand [ Table 2(b)]. Based on the work done on natural 
_ sands, it was decided to use only the sands with 0%, 10%, and 15% passing the 
i, No. 100 sieve. The tests indicated that the parts of manufactured limestone 7 


- _ sand that could be pumped increased considerably with an increase in material 


passing the 100-mesh “sieve, varying from 1.75 parts for 0% to 7.0 parts for 4 ; 


‘The third part of Phase I was performed to furnish information as to the 
Ba pumpability of three gradations of a a sand wi with a higher than normal = : 
specific gravity. Traprock sand was used in gradations having 0%, 10%, and 
25% fine material passing the No. , 100 sieve [1 Table 2(c)]. As in the e pumpi ng 
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GROUTING 


test of the other sands, the quantity found pumpable varied from 1.75 parts a, 
_ the 0% fines to 2.25 parts for the 25%. The relation of | the three types of sand — 
to parts found pumpable are shown in Fig. 


es Conclusions that may be drawn from this phase of the investigation are as _ 

1. It is is feasible to pump sanded grouts. 

2. Two parts s of natural sand and 1.75 parts of limestone or traprock sand, 
oe - a nominal 0% of material passing the No. 100 sieve, based on part 
ot cement were found to be pumpable. 

3. An increase in the material passing the No. 100 sieve from 0% to 25% 
Z anna only an increase of one part of natural and 0.5 parts of traprock sands, 
while the parts of limestone sand increased from 1.75 to 7. An analysis of the 7 
material passing the No. 100 sieve indicates | that the limestone sand fineshave _ 
about three times the surface area and seven times the amount of minus No. 
325 material as does the traprock or silica sand. This is probably the reason - 
for the difference in the quantity of sand found pumpable. 


7 : as Phase II. —The three types of sand used in this phase of the investigation 


were similar | tothose used in the first part of phase I for each type of the three | 


sands test-pumped. 


In the first part of this phase, natural sand with a nominal 0% passing the 

No. 100 sieve and with the addition of vara percentages of four admixtures, 

“fly ash, loess, diatomite, and pumicite, was test-pumped. The results in Fig. 

q show that increasing ‘the amount of admixtures allowed an increase in the 2 

amount of sand that could be pumped. As the diatomite had a specific surface 
about ten times that of the loess, it would appear that this increase is dependent x 


on the fineness of the admixture. __ 
- _ Inthe second part of this phase, limestone sand with the nominal 0% passing z 


the No. 100 sieve and with the addition of percentages of fly ash and loess was 


- test- -pumped. As in the first part of this phase, the parts of sand found pump- 
able were slightly greater for the mixtures containing percentages of fly ash 
: ih the third part of this phase, traprock sand, ¢ deficient in material passing 
the No. 100 : sieve, with the addition of percentages of fly ash was test- -pumped. 
As in the other tests in this phase, the additions permitted an increase in the a) 
sand-carrying capacity of the grout mixture. The results of the pumping test | 
for the second and third parts of this phase are plotted in Fig. 5. Table 3(a) 
gives the pumping-test data for the three types of sand test- hee in this | 


The tests c conducted in Phase II indicate ‘the following: 


a 3 When a ne is deficient : in vibes passing the No. 100 sieve, the a ad- 
dition of finely divided mineral admixtures will increase the sand- -carrying 
The | ability of a ‘finely divided mineral admixture to increase the sand- 
-_—- capacity of a grout appears to be related directly to its fineness. = 
- Phase III.—In the first part of this phase, the same natural sand was used — 
” of that had been used in the | other phases of this program with a gradation having - 
- 10% passing the No. 100 sieve. _ Based on the weight of cement, percentages of 
_ diatomite and bentonite were added and their influence on the pumpability, or _ 
y es carrying ability, and the characteristics of the grout mixtures in both — 
— and hardened oma were studied. The results indicated that the 
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| 
SAND FOUND PUMPABLE BASED ON ONE PART OF DF CEMENT 
THE | EFFECT OF FINE SAND ON THE PUMPABILITY 


x 
SI NO. 1 
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PARTS AOMIXTURE | 


SAND FouNo PUMPABLE ON ONE PART BY WEIGHT cenent 
_ ‘FIG. 4,—PHASE Il, PART 1 ae: EFFECT OF ADMIXTURES ON THE PUMPABILITY 


= 
iim 
— 
| 7: — : 
| 
— 


TABLE 3,—EFFECT OF ADMIXTURES ON PUMPABILITY 

Wt Based on One in hours” Bleeding, | Cube Compressive 

of Cement inper- | Strength, psi 
centage 


—— 


Fly Ash 
Loess" 


mite 
Pumicite 
Pumicite 


Loess 
Loess 


Grouts containing Sands with 10% passing No. 100 Sieve 


Limestone Sand 


mixture 
Diato- 
mite 
Diato-_ 
mite 
Fly Ash 
Fly Ash 


— 
| 
— 
"ture | Sand | Water | Init 7 
mixture | | 2. om | 35 | 715. 
ite | 011 | 3.90 | 119 | 6 35 
mixture 0.73 | 6+ | 18- = | 595 | 1385 — 
Fly Ash 7+ 3000 
Fly Ash | 1,00 | 4.50 
Diato- | | [a | - | 
nite __| 0.40 {32.0 __|12.17_ 
iso | 75 | 210 | [2s | os | | 
1,60 7.5 | 2.100 | 3 
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‘FIG. 5. ‘PARTS AND 3. THE EFFECT OF ON THE 
PUMPABILITY OF GROUTS CONTAINING LIMESTONE AN D TRAP-— 
_ ROCK § SANDS DEFICIENT IN 100 MESH SIZE asin 
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> the parts of sand found ‘pumpable, while an addition of 0.40 bentonite per- a 
mitted an increase of 28 parts of sand.” 
‘The limestone sand used in the second part of this phase was the same a 
- that used in phase I with 10% passing the 100-mesh sieve. Percentages of di- 
atomite and fly ash were added to the grout mixtures, as in the first part of — 
_ this phase. The addition of one part of diatomite permitted ; an increase of 8. 75 
parts of sand found ‘pumpable, while 1.5 parts of fly ash allowed an increase of 
4.25 parts of sand. Table 3(b) lists the results o of these pumping tests, and 
6 illustrates the results graphically, Nie 
‘This phase of the investigation indicated that the addition of | percentages of 
the various admixtures will increase the sand-carrying capacity of a sand- 
coment grout when sands with sufficient fines are being used (10% passing the 
--—-«-It is believed that while the large addition of bentonite in these tests did 
: permit a large increase in the amount of sand, the low strength that results 
when large quantities of sandare used wouldallow its use only in special cases. a 
(This is not to imply in any sense that small quantities of bentonite are not 
a in pressure grouting. ) In addition t to the admixtures 3 mentioned previ- 7 


CONCLUSIONS 
an number of conclusions can be drawn from the data ae = this inves- 


“1. Sand deficient in material passing the No. 100 sieve can be su cently 
in grout mixtures without the | use of an nadmixture, 


ed 


mixtures. 


xt 5. _ The specific pene of the sands included in this test program had little 
or no effect on the pumping characteristics of the grout.  —™ 
6 In using sand deficient in minus No. 100 sieve size material, the addition 
of a finely divided mineral admixture increases the sand-carrying capacity of 
2 7. The addition of a finely divided mineral admixture toa normal portland 
“cement- sand grout will increase its sand-carrying ability. 
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an increase in parts of sand found pumpable = 
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_ they are scalped over the No. sieve. 
¥ 3. An increase in fine material in the minus No. 100 sieve size will permit 
increase in the quantity of sandfound pumpable. = 
successfully pumped in portland cement-sand — 
“4 


“April, 1961 


me roceedings of the American Society of Civil E cngineers — 


GONSTRUCTION OF ROCKY REACH GROUTED. CUTOFF 


; By W. F. Swiger 1 F, ASCE 


WwW 


ing which occupied two sessions of the June 1960 meeting of ASCE in Reno, 
Nevada. Credit for organizing | this symposium program goes to a Special 
Grouting Symposium ‘Committee consisting of Stanley Johnson, F, ASCE, 
Chairman, “William Lambe, F, ASCE, and W. K. Seaman, F. ASCE, 7 
it is believed that th these several papers c constitute a significant contribution 
to engineering practice in the art and science of stabilizing foundation /mater-— 
ials by grouting. This is a field in which there appears to be increased inter- 
est among foundation engineers andone which is expected to become more -_ 


_ portant as time. goes on and the need to ) build structures on difficult soil con- 


a _ The papers of the s mposium - are concerned with cement, clay, and chem-— 
grouting of seams, cavities, and granular materials. papers illus-_ 
trate the increased use of chemicals for grouting purposes and also their use 
with more conventional grouting materials such as clay and cement; grouting 
of overburdened materials which is rapidly becoming a more definite art and 
- science and which, to some degree at least, is susceptible to laboratory studies; 
the grouting of a cut- off ingranular materials to prevent underseepage beneath 
a major hydroelectric project (perhaps the first application of this type of 
. 7 “grouting in the United States); and the grouting of subsurface voids and solu- - 
tion channels in limestone areas subject to large subsidence, 


-_ Note,—Discussion open until September, 1961. Separate discussions should be sub- 
= mitted for the individual papers in this symposium, To extend the closing date one month, 
a written request must be filed with the Executive Secretary, ASCE, This paper is part 
of the copyrighted Journal of the Soil Mechanics and Foundations Division, Pr oceedings 
of the American Society of Civil Engineers, Vol. 87, No. SM 2, April, 1961. a VEO 


Cons, Engr, , Stone Webster ‘Engrg. ‘Corp., ‘Boston, “Mass. 
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Organized i in 1952, the Grouting Committee with Task Committees on Cement, 
_ Clay, and Chemical Grouting has sponsored groups of papers or symposia = 
7 cupying the sessions of meetings of the Society in 1954 and 1956, as well as © 
_ 1960, Papers on grouting which have been published in the Journal of the Soil : 
- Mechanics and Foundations Division are as follows: Nos. 1145, 1204, and 1544 — 
to 1552 inclusive, The report of the Task Committee on 
3 © are as Paper 1426 in the November 1957 Journal. A draft of a report on 
ne clay grouting has been prepared by the Task Committee on Clay Grouting, and 
the ‘Teport on cement grouting prepared by the Task Committee on Cement 
Grouting is ‘substantially in its final form. 
. The Administrative Committee on Grouting takes this opportunity of “ex- 
ee its appreciation to the task committees for the excellent manner : 
which they have carried out their assignments and to the individuals who, 
writers of papers, have made significant contributions the 
of of grouting in various fields * 


Admin, Committee on Grouting, Prof. of 7 
_ Civ. Engrg., , Emeritus, ‘Univ. of of Califor- 


——_ la, Berkeley, Calif. 
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‘Grouting isa commonly used and long accepted for cutting off or or 
pa controlling Seepage through rock foundations or abutments of dams. Its use aa 
2 for effecting a cutoff in alluvials, however, is almost without precedent in the oe 
United 8 States, although it has been used on several projects in Europe and in r 
Canada. At the Rocky Reach project on the main stem of the Columbia River 
north of Wenatchee, Wash., the left abutment is a broad, high terrace overlying 
a buried channel, The basal member of the sediments forming this terrace is ; 
a series of openwork gravels open fo the river. This paper describes the de-- 4 
sign and construction, by grouting, of the cutoff constructed across this gravel 
7 ‘The major portion of the cutoff consists of three rows of f holes, the the rows 
being spaced 10 ft on center, and the holes along | the rows spaced 12 ft on cen-— 
_ ter, Near the abutment of the dam, five rows were used and a single row was - 
used at the easterly end of the cutoff across a subsidiary channel. 
by stages of 5 ft height starting at the top of the stratum, 
The primary grout used was cement mixed with clay or bentonite to “paced 
Sedimentation On completion of cement grouting, intermediate holes were 
_ drilled, generally along the center line of the cutoff, and grouted using AM-9 . 
chemical grout, in order. to fill and seal sand strata which were so fine that 
they refused to accept cement grout. The chemical grout AM-9 is a recently b° . 
: _ developed material of water-thin viscosity when injected, which gels at a oie 
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Observations of levels pr prior and after the work indicate that a 
The Rocky Reach Hydroelectric Power Project is located on stem 
of the Columbia River about 9 miles above the city of Wenatchee in north cen-_ 
tral Washington. As shown on aver 1, the — — is located on the west, — o) 


or right Initially, seven units with a total generating capacity of 775,000 
kw at 93 ft gross head will be installed with provision for four additional = 
"which, when veges will —, a total capacity of 1, 215, 000 kw. The > spillway 
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spillway capacity, 4 including flow through the power house, is 1, 200 cfs. . The 
of record, at this location, is 718,000 cfs. 
.  —Here, the Columbia occupies a tremendous canyon, nearly 1 mile wide at 
ia its bottom and more than 3,000 ft deep. At the dam site the river itself is a 

=" _ relatively shallow, fast flowing stream about 1,300 ft wide. It lies ona high 
bedrock shelf, close against the western wall of the canyon, and is bordered on 
the east by a high, broad terrace which extends more than 3,500 ft from _. 


river edge to the a wall on the east at an elevation of about 140 ft above 


Fic. 2,—GENERAL VIEW OF PROJECT LOOKING EAST SHOWING SPILLWAY _ 


_ BB at a point about 1,200 ft downstream from the dam. The sarcunaos under the | 
bank surface is extremely irregular and vertical cliffs of more than 60 ft high 

_ The lower gravels are the oldest of the three formations constituting this” 

- terrace, Apparently at some time during t the Pleistocene they formed a broad 
terrace lying west of the antecedent river which was then cutting on bedrock 
along the eastern edge of the canyon at an elevation more than 130 ft below the i 
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level of bedrock in the river channel, The edge | this terrace runs 


er and terminates against a bedrock ridge downstream of the lineof the cutoff. | 
Re condition ended with | blocking of the Columbia downstream of the site, cre-— ; 
ating a long g glacial lake which filled with a series of varved clays. Remnants — 4 

of these clays have been traced to nearly 300 ft above the present river i 

-Vation, The varved clays are tough and highly precompressed, They contain 
‘innumerable thin varves of silt and fine sand and occasional sand members a | 
few inchesto as much as 10 ftinthickness, With the resumptionof flow through 

" % the canyon of the Columbia, several hundred feet of these clays were removed 
= erosion and the upper, most recent graveis laid over them. The upper grav- , 


in 1 developing the site was controlling s seepage around 


- the end of the dam through the lower gravels, ‘Upstream of the dam, the bed- 
rock surface i the begs of the bank drops, while the surface of the lower — 


_ rock in the river, “except for a few low spots, generally remains high, As can 
be seen from the sections, the bottom of these gravels extends to more than 
150 ft below tailwater level in the river ee a pia: - “a 
Ps _ Examination of the lower gravels in cuts down the face of the river bank and 7 
during excavation for the first stage of construction showed them to be pri- 7 

marily a series of openwork gravels, with occasional sandy strata. They show- 

ed extensive cross- -bedding, with many of the earlier beds truncated by later 


deposits. Estimates o: of the coefficient of permeability of these r materials, based — 
=? on well tests, were inconclusive because of the small drawdowns. It was con- | ; 
cluded from visual comparison that permeability would be about the same as - i 


7 for apparently: similar gravels in the abutments of the McNary Dam 2 which have 
- an average coefficient of eo of 0.2 fpm, based on observed seepage — 


In these preliminary studies, consideration was given tothe use of agrout cur-_ a 
ath as an alternate and an extensive grouting test was undertaken, ae _ 
_ Construction of the project started with the erection of a cofferdam along 
the east bank, Observation of seepage into the cofferdam through the lower 
“gravels indicated coefficients of permeability between 1 10 fpmand 15 fpm, which 
is extremely large and significantly exceeded the 2 fpm assumed in the initial = 
design, After a careful review of the seepage problem in view of this large a 
- coefficient of permeability, a grouted cutoff was decided. It was concluded —_— 


= cutoff must : satisfactorily accomplish the following: ose 
1, Control seepage through the lower gravels in sucha manner that a ste 
cess of underground erosion, or piping, could not not develop. 


at 2. Limit seepage sufficiently so that pressures under the downstream bank | 


“McNary Dam- from Technical Considerations, G. C, Rich- 
ardson, H. M. Rigler, and R, A. Schuknecht, Proceeding, ‘ASCE, ‘Vol. 81 81, , Proceedings- 
Separate No, 787, September, 
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| voir increases significantly upstream, Downstream exposure of the gravels 

| the hod je the ton af tho whonecc hod. 
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coefficient, it was planned to use an upstream blanket and a drainage sys- 
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ring COMPACTED IMPERVIOUS 


shown on the sections, the eastern series gravels are thin, river laid 
i? _ deposits. West of these are the thick series of openwork materials which are 
. ; open to the river. Based on the seismic surveys and original borings, it was 
i, -, thought the western series terminated about 1,500 ft from the end of the dam, 
a Seepage studies indicated that, if this were blocked by a suitable cutoff, seep-_ 
age around the end of the cutoff would be acceptably small. Actually as the 
work progressed it became apparent from piezometric levels that the high bed- 
rock ridge which formed the eastern edge of theold terrace was continuous ney 
in contact with the varved clays. Consequently it was possible to terminate the 
main body of the cutoff where it crossed this ridge at a point about 1,200 200 ft 4 


‘The gravels in the secondary channel just east of this bedrock ridge were — 
found to be interconnected with the gravel of the eastern channel, but are ap- aa 


i of limited extent. They were probably deposited as a bank of open- 
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the dam. ‘This was located against, the drains through, the 
43 ing wall. For another 600 ft, the river bank was excavated to bedrock through — 
% ‘water and a graded filter drain placed along the face of these lower gravels. a 
- ‘This filter grades by stages from coarse gravel to heavy riprap at the a 
ne ee was : convenient and economical to drain the varved clays by carrying these 
filters upward across the face, A sand seam about 8 ft in height, in the varved — 


clays, was exposed during the excavation for the first stage, This sand mem- | ; 


| 
— 
CD-11, A secondary cutoff consis ine of cement grout holes 
constructed across this channel terminating where the gravels pinched out 
j. _ The cutoff was not conceived as a totally impervious structure, According- 
Se | = ly, it was necessary to provide for discharging such seepage as would pass _ 
* through or around it. A 60 in, diameter, open joint and concrete drain, 
& 
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ber € extended ; about 400 ft 1 ft on from the face of th the dam. This sand was = 
covered with compacted impervious material upstream of the dam. 
Pg Blanketing with impervious materials and drainage were » considered ade- 
quate to provide seepage control in the upper gravels, Studies of comparative a 
_ cost showed that, by excavating along the line of the cutoff to the surface of the aa 
clay, savings in the costs of drilling would more than offset. the cost of exca- 
_ vation and backfilling, Accordingly, a partial cutoff of the upper gravels was — 
used, constructed as an underground dam extending into the bank approximate-. 4 
; ry ly 2,000 ft, rather than the somewhat more conventional upstream blanket over 
. _ the face of the upper gravels. Drainage of these upper gravels is provided by a ‘a 
an open joint drain with suitable filters constructed along the downstream side ; 
of this cutoff for a of its A typical section through these one 


grouted in 5 ft stages from the top of the gravels down to ptestiety *eoadegl 
; bilities before and after grouting were to be qmermnast by pump testinga 12 _ 
in, diameter well located at the center of the ring. To permit study of the ef- 
fect of a variable spacing, it was planned to drill and grout alternate oe 
2 make a pump test, grout the intermediate holes, and make a third pump test. 
ee The grout used was a mixture of cement, fly ash and “intrusion aid.” Pro- at 
portions were generally about 3:1:2 water-cement-fly ash by volume. Grout- 
_ing was to refusal, withpressures up to 300 psi used. The work was done from F 
the ground surface and caused no apparent heave, 
_ Actually, only the first stage of grouting with holes spaced 10 ft on n centers. s 
was done, The pump test, before grouting, showed a drawdown measured in 
4 the well of about 4 ft when pumping at a rate « of 600 gpm. Following the first a 
; Ls stage of emneting, the measured drawdown was 70 ft while pumping at a rate of 
gpm, The work was expensive and significant improvement in observable 
 -— was doubtful; accordingly, the second stage was not undertaken, Grout 
travel of as much as 25 ft was noted in the work. 
— _ On the basis of later knowledge, it is believed the procedure of pump t test- ; 
7 ing from the same well before and after grouting is a doubtful practice. De- a 
velopment of the well tendsto create anopenwork zone around it. Despite pre- 4 ] 
-ventive measures, such an openwork zone is apt to be filled by grout resulting = 
_ in misleading results in the later test, This test did, however, show that grout a 
could be injectedin adequate quantities, that significant reductions in permea- 
bility would result and that radial travelof grout of as much as 25 ft would oc- | 
cur. The test also established a practicable method of drilling and grouting. 
; - Construction of the eastern end of the concrete dam abutment required use 
of a sheet pile cofferdam driven through the lower gravels to permit excava- _ 
ting to about 20 ft below ground water level. Considerable difficulty was ex- 
= perienced with this sheeting hanging up on boulders before reaching bedrock. 


The contractor elected to grout along this line of sheeting and excavate within © 

the protection of the grouted gravel. Two rows of grout holes were used, spaced 

og dh 4 ftand 8 ft from the line of sheeting, the outer row being grouted | 

first. The grout was cement withabout 10% by weight of bentonite. Churn drill 

= were used, Excavation extended 2 about 9 ft below the tip of the > sheeting — 
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— ITATE CONSTRUCTION 


> with ground water level ‘about 20 ft above the lowest po point 
=. excavation. Seepage through the grouted gravel was small and no difficulty 
experienced with stability. Fig. 5 shows this grouted gravel when 

“by a. Hydraulic head behind these gravels was about 20 ft. 
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d Stat “Accordingly, 
in ‘undertaking the design. of this cutoff, a careful review was made of a num-— 4 
ber of references relating to this type of work, and procedures and techniques: 
 usedon previous projects were studied. From these references, the more per- ef 
tinent of which are listed in the Appendix, certain basic design were 
me Although the average permeability of the formation was large, the arrange- 
ment and physical properties of generally lenticular, individual beds were such > 
me wide anderratic variations in permeability could be expected within short 
distances, 
“Zs ~ Previous experience with grouting of granular materials and data reported 
oy other investigators showed that even moderate variations in permeability 
_* cause the grout to move principally into the more permeable members — _— 
_ with little intrusion of grout into the less permeable. To assure good grout | - 
distribution throughout the mass, it was anticipated that it would be necessary o 
to limit the vertical height to be grouted inone stage to minimize the range of 
permeabilities to which the grout would be exposed, that several attempts oe = a 
_ be made to grout each zone and that the procedures, arrangement of holes and 
~ gequence of grouting should be such that the more open, permeable zones would — 
be filled led first and the le less permeable z zones filled i by later grouting, either from 
‘the same hole orfrom | adjacent holes. Although available data showed a mark- 7 
ed decrease in permeability could be obtained with close spacing on a single 
line of holes, it was considered doubtful whether results a a com-— 
- Even with these precautions and procedures, it was extremely -_ that 7 
all voids, even of the coarser material, would be filled. Grout consisting of 
7 finite particles such as cement, or clay and cement, can be injected only into — 
° material having pore spaces several times the size of the coarser materials _ 
i: in the grout. Such grouts would not penetrate sands containing more than about 
- 10% of material finer than 1 mm, Accordingly, it was to be expected that sand Y 
members inthe alluvials, in general, would not be grouted if cement or cement-_ 
_ Clay grouts were used alone. By using a cutoff of substantial width, the paths = ae 
_ of percolation which remained could be made tortuous and long so that the ve- 
locity of flow through them would not erode the grout. Also sand members, “7 
4 limited areal extent, might be completely enclosed within grouted material, 
= By grouting the downstream row first and taking care to inject large quan-— 
tities of grout into these holes, the coarsest, most open materials into which — 
_ conceivably the finer sands might move by internal piping, could be filled with 
grout. This would provide a wide zone of partially’ ‘grouted material which 
would act as a graded filter to prevent piping. ‘European practice has been to 
provide a cutoff having a width of 25% to 30% of the head of the structure and 
3 such a width ‘seemed ee to assure ‘Stability over the life of the project. 
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Aminimum of three rows of amie holes was considered necessary to achieve _ : 
results and desired width, The outer rows should be grouted first and 
the inner row last to assure reasonably successive filling of the less pervious 

eS Neat cement grout is not satisfactory for grouting alluvials because of sedi- _ 
‘atom or settling within the soil mass, especially within the coarser ma-_ 
terials. Mixing of the cement with other materials is necessary toform a sta- 

grout to fill the voids completely after it has 
grout mixes were made using the local clay available from 
the varved clay deposits on the site, fly ash, Kenite K-75, a processed diato- — 
maceous earth which is produced near Quincy, Wash., and a processed — 
4 cite from near the Priest Rapids dam site. Each material produced grouts of © 
acceptable physical properties as ‘measured by stability, strength, density, — 
_ toughness and erosional resistance. . Preliminary estimates indicated the | local | 
clay cement grout should be the least expensive, All of these materials con- 
_tained about 2% to 5% of material coarser than a 200 mesh screen, and it was" 7 
believed this would be satisfactory. It was concluded that the use of — 
finely ground cement was not warranted, | However, by selecting the cement — 
-= it would be possible to obtain, without paying a premium, a Type II ce- 
-ment having a Blaine specific s surface of at least 3, 200 ror cm per g, which is 
os - assure intimate and thorough mixing of the cement and clay, use of high | 
speed, rotary pump type mixers was considered necessary. 
Based on these general design criteria, specifications were prepared for — 
obtaining bids. The main body of the grout curtain was to be three rows of _ 
holes, except that for the first 200 ft out from the dam abutment, five rows» 
_ would be used, These rows originally were spaced 8 ft on centers, _ This was 

_ later changed to 10 ft on centers from hole 32 eastward, Snel 4 

‘Three different ; and equally acceptable methods of doing the work were spec- 

ified. Method No, 1 contemplated ‘drilling for and setting a casing t to bedrock, : 

_ Grout would thus be injected in zones of 3 ft to 5 ft height, beginning at the bot- : 

tom, The casing would be perforated in this stage using a knife. The entire :_ 
_ ‘thickness of gravel would then be regrouted in narrow zones, again starting at _ 
the bottom. — For this stage and any later stages of grouting, the casing would 
_ be perforated using a gun perforator. This would assure that any grout collar © 
immediately adjacent to the casing was shattered and thus permit entrance of 
the grout to less pervious zones which possibly were not grouted in the — 
7 stage grouting. Three stages of grouting were specified at the bedrock and at _ 
the clay gravel interface, since these are the most difficult places to oda 
_ good results, Double packers would be set in the casing just above and ‘below 
- a ‘Method No, 2 was basedon the procedures developed in the preliminary test 7 a 
“ program, The casing would be set through the clay to the top of the gravel. - 
The gravel “would be drilled using rotary equipment through a zone of 5 ft, 
starting at the top of the gravel. This drilled hole would be thoroughly washed pa 
to remove any fine material and cuttings and the zone grouted, After the grout __ 
_ had hardened, the hole would be redrilled through the grouted material and 5 | a 4 
ft deeper into the gravel and the procedure repeated. It was anticipated het 7 . 
zones Which might have refused grout | on the first pass would pay picked up j in 
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4 be drilled completely open from to of | the 

and grouted at least threetimes, 

ee = ot _ Method No. 3 was based on the procedures developedand used in Europe by 
= The Rodio Group. | A small diameter grout pipe is set tobedrock in the drilled Pp 
4 hole. This grout pipe has holes drilled through it at intervals of about 12 in. — 

_ These holes are covered on the outside by a short rubber sleeve which acts as 
a valve. The annulus between the pipe and the drill hole is filled with a weak, 

2 brittle grout. Grouting is by stages fromthe bottom up, using a double packer, _ 


ment to one and o one- -half parts clay, using ‘the local clay. ‘Alternative ‘grouts 
of fly ash-cement mixtures, or K- 15 cement mixtures, were permitted and 


; “into each zone, letting pressures build up to whatever amount is necessary and 
- accepting whatever ground heave occurs, Reportedly pressures as high as 
1,200 psi to 1,500 psi have been used, This procedure was considered unde- - 
sirable, especially for this site. Heave results where thin lenticular bodies of oe 
pure grout are c created, which is a waste of grout. Also, heave, ‘if significant, a 
might cause cracking of the 1e clays overlying the gravel formation, Accordingly, © 
it was specified that grouting should be done at rates which would not require © 
excessive pressures until refusal was reached or until a maximum quantity of © 
_ grout had been injected. These originally were set at 200 psi and a maximum | 
- quantity of 60 cu ft of grout per linear foot of hole in the zone being grouted. 
_ Refusal was defined as 1 cu ft take in a period of 5 min at maximum specified 
- Some difficulty w: with washing and displacement of the fresh; grout was antic- -— 
_ipated as closure of the grout curtain was approached when a substantial head 7 
differential built up across the curtain. Use of silicate admixtures to give a 
_ controlled gel time appreciably shorter than that of the standard cement grout 
considered a possible requirement. Provision was made inthe specifica~ 
tion for use of silicates mixed with the grout and an agreement was negotiated © 
with The Rodio Group to permit use of sodium aluminate as a gelling agent, 
. this compound which permits the use of a single injection process is — 
ented by this group. Use of silicate grouts would also have permitted grouting 
finer materials than could be penetrated by the cement-clay grout. | 
_ It was specified that grouting should start at the abutment and proceed to 
the east inorder that final closure would be made at the farthest possible | dis- 
7 tance fromthe river, Further, a dirty gravel having lowpermeability was used : 
for fill behind the upstream training wall and as a blanket for approxi imately 
700 ft upstreamfrom the dam, This blanket of low permeability material con- 
nected with asheet pile cutoff driven by the contractor in constructing the cof- 
ferdam for the first stage and which extended along the river edge for an addi- 
tional 750 ft. This was done to develop a long seepage path around the abut-— 
ment during construction of the grouted cutoff to minimize difficulties with 
a _ Specifications required that the first step should be construction of two test 
patterns approximately 50 ft long at hole spacings of 12 ft and 15 ft asa basis 
for establishing the basic hole spacing for the remainder of the cutoff. 
_ Grouting is an n extremely variable process ir in which the quantity of grout in- 
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served continuously and adjustments made in mixes and other 
tors as the work progresses, Bids were taken for the work on the basis of a | Pr 
- lump sum for setting up and dismantling the plant, unit prices for each item of 
material supplied and unit prices for each item of work done, such as per foot 
_of drilling or per cubic foot of grout mixed and placed. In this manner, while 
2 contractor was made wholly responsible for supplying the plant and execu-_ 
ting the work, the engineers retained complete control of the many factors which 
would affect the quality of the completed structure. These included location, — 
spacing, sequence of drilling various holes, and control of , of 


| 


7 erection of temporary wooden working platforms along the line of the cutot. 
Injection of grout into the holes of the twotest areas was started May 14, 1958. : 


_ Drilling.— —For each grout hole, a casing was set through the clay and grouted 
in, The gravels were then drilled in stages of 5 ft from the top down and cleaned 
by thorough surging and washing. A packer was then set near the top of the 
casing and the hole grouted, After 2 hr to 4 hr, the hole was washed to remove 

partially hardened grout. Washing was carried not deeper than 6 ft above the 
top of the stage which had been grouted. After the grout had hardened a mini- — 
mum of 36 hr, the hole was reentered and the next lower stage drilled and» 
grouted, ‘Bedrock | elevation was checked as the work ‘progressed by drilling 
The contractor planned to use a continuous flight auger to drill through the q 
varved clay for setting the casing. . This method was ; unsuccessful, possibly 
due to the moisture content of the material, After some experiments, a Fail- 
ing “1,500” truck-mounted drill equipped with “N” drill rods and a 5 in, diam- 
% eter “fishtail bit” was adopted. 6 shows the grouting in progress, Note 
7 the plank floor, The pipes descending the right bank carry grout, water, and 
= air. One of the two Moyno pumps used to inject grout is eet to 
right of the nearest drilling rig. 
_ Water was the only fluidused for drilling and wasus usedat arate 2 whichn main- 
a a slurry of the material in the hole to prevent the inflow of sand from 
7 = members in the clay. On completion of the hole to the lower contact of 
be the clay, the drill tools were withdrawn, the c casing was lowered into the hole, - 
and the annular space between the exterior of the casing and the drilled ol P 
was filled to the ground surface with a _ heavy cement base grout, . This was 
_ forced through the bottom and perforations and upward around the exterior of 
_ the pipe. _ All casing was left permanently in place, The casing used was 4 me 
dD, 14 gage welded steel pipe with a bell on one end, The 20 ft joints of casing 
were joined by arc welding. The lower 2 ftof the bottom lengthof casing were 

‘The specifications were based on using tricone rotary bits with water ~ 

"drilling the gravels. The contractor requested, as an alternate, approval of : 
percussion type drills using 3-1/8 in. bits and drilling with air, but with pro- _ 
Vision for washing with water as necessary. This was granted after — 


| 
| 
— 
| 
| | | 
% | 
7 
| 
on 
ed 
= 
| 
| 
| 
| 
| 
| 


April, 1 1961. 
i ing of the hole, Both types of equipment wer were used more or bene interchange- 
me ably on the project. However, even the rotary drilled holes were surged with — 
a air to clean them since observations indicated better cleaning of the walls of 
m4 the holes when both air and water were used, While drilling, the hole was 7 
washed with water or air as necessary to clear cuttings. The hole was per- a om 
_ mitted to fill with water by seepage and then surged with air with the bit near — 
in bottom of the hole. These procedures were repeated until the hole was 
‘i clean and ready for grouting. Surprisingly, little difficulty was experienced Ea 


In the course of the work, the contractor with 
x of drilling in hopes of developing cheaper, more effective methods. 
7 These included diamond and hard-faced steel bits. None of tl these were as < 
fective as the rotary and pneumatic equipment, 

Cement Grout Plant.—The equipment for mixing the cement-based grout was 
housed in a stationary plant located on the edge of the trench at a point equi- 

‘distant from the ends of the cutoff. The plant and much of the equipment were 


designed by the contractor and permitted the entire batching and mixing opera- 
tions to be done by oneoperator from a central control panel. A flow diagram 


the plant is shown on Fig.7, 
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‘The clay or bentonite was mixed in the oe mixer with the volume ie 


for a water-cement ratio. of 2: 1 by volume, the thickest 


used. The clay-water slurry was then pumped through a sedimentation cham- | 
ber to remove unmixed lumps of clay, and into the secondary mixer where the = 
cement was added. From the secondary mixer the grout was transferred to 
a one of two 60 cu ft agitator tanks. _ Additional water, if required, was added to 
_ the grout in the agitator tanks. Each of the agitator tanks ; discharged into a 
20 cu ft tank which served as a sump fora 10 in.-by-3 in,-by-10 in, duplex, — 
double action slush pump, which supplied grout to the header in the trench 
through a 2 in. pipeline. A return line was connected to the header which per- 
mitted circulation of the grout back to the sump, 
aie: The conveyor systems throughout the plant were electrically driven and the 
4 mixers, agitators, and pumps were pneumatically powered. A totalof 2,400 cfm _ 
of air was available for the mixing and drilling operations from one 600 cfm ae 


and two 900 cfm rotary diesel powered compressors. Cement was stored 


The oat plant being on the edge of thetrench was approximately 80 ft above > 
the platform from which the grouting was being done, Because of this head 
the use of reciprocating pumps, it was extremely difficult not to exceed desired 
pressures at the t top of the grout pipe. - Several methods of pressure relief or 
automatic pressure control were considered, The contractor ‘suggested re- 
_ circulating the grout through a Moyno pump located on the grouting platform. 
was tried and found to be Rates of and 


Grouting.— —While grouting -of the two test areas was being arill- 
7 ing and grouting of the holes near the dam abutment were started ata hole spa- _ 


and pumps were installed. The wells were tested both in inflow and outflow. 7 . 

_Thesetests showed that, while a substantial reduction inpermeability had been fm 
achieved, the overall permeability was stilltoo great. 
_ The work to date was carefully reviewed and after some further experimen- — 


maximum hole spacing of 12 ft along the row. 
ia 2. To assure sequential grouting of the less pervious materials and to pre- 
pe displacement of partially hardened grout, the sequence shown on Fig. on 
& - A quantity injected or “take” of 50 cu ft to 60 cu ft of grout per linear 
: foot of hole was desired where possible in the outside rows. To achieve this 
grouting to atake of 40cu ft per lin ft was with the thinnest mix, 4.0 to lwater- 
cement (w/c) ratio by volume, then at 3.0:1 w/c ratioto 60 cu ft per lin ft, and 
thereafter at 2:0:1 w/c ratio. Grouting was to refusal. For the center line of | 
holes, only the grout mixes thinner than 3.0 to1 w/c ratio were usedand grout- 
ing was to refusal without limitation on the quantity ‘pumped, Subsequently, 
was found desirable to limit takes in the outer rows to 120 cu ft per lin <i of 


4, Heave of about 2 in. maximum had developed using pressures a 


| specified. Pressures were limited to 30 | psi measured at the casing head since ' 
_ computation and experiment showed no difficulties at this pressure. This gave 
_an overpressure in the formation of about 75 — a Continuous uous system of ob- 
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— review w of ceueial grouting records indicated there were a number of 
i zones which had accepted much less grout than had been anticipated or was 
; considered necessary to assure satisfactory results, Observations showed the _ 


than had originally been present. It is believed that these coarse particles 

_ cme from three sources, First, there was an increase in the clay deposit of - ' 

the proportions of silt and fine sand, Secondly, zones were encountered in the 

7 = deposit which contained an _appreciable amount of small concretions. 
kenge concretions were removed inthe screening process. Small concretions, > 

= however, passed through the screen and were broken up in the mixing and pump- 

- ing operations. Third, apparently there was contamination of the clay dumped 
at the plant either by wind or by materials tracked ontothe clay during g opera- 
ae avoid these difficulties and improve grout acceptance, use of the clay — 

was discontinued and bentontie substituted. Processed Wyoming bentonite of a 
200 mesh size was selected and used, since experiments indicated that this _ 
_ material gave the best results and that the fine grind assured a minimum of a 

materials coarser than 200 mesh, The final mixtures developed contained about 

5% to 5-1/2% of bentonite to weight of cement. This content was adjusted from 

: time to time, as necessary, using as a criterion that the maximum sedimenta- _ 


7 est to & 1 for the thinnest grouts. Later this was reduced to a maximum of 
: The ‘cement-bentonite was smooth and plastic. It contained almost no ma- 
: ** pee of sufficient size to be felt as grit. Sieve tests showed nes than 1% of 7 
coarser than 200 mesh in the ‘fluid ‘grout ready for pumping. 


prostod after submersionfor 28 days of ahout 150 psi and coefficients of — ; 
meability of about 1 x 10-5 cmper sec, WAR 
ny Immediate improvement was noted with this type of grout, Quantities in- 
jected increased to more desirable and uniform amounts. ight. 

_ The three center rows of holes in the abutment area, which had previously 
been grouted with cement-clay, were redrilledand regrouted with cement- ene 
tonite, Additional holes were drilled through the two test areas inthe abut- 
ment area. | ‘Substantial 1 quantities of grout were e injected into a number of these ry : 

aa The cement in use had a Blaine specific surface ranging from 3,200 sq cm 


to 3,400 sq cm per g. It contained approximately 1% to 2% of material coarser 


q 


than 200 mesh, An experiment was run to see whether using finer cement e 

would give significantly better results, Type I cement, having a Blaine spe-_ 

_ cific surface of approximately 4,500 sq cm per g and containing 1/2% to 1% of 
material coarser than 200 mesh, was tried. No significant difference in the - 
/ - quantity of grout injected could be determined, Difficulty was experienced with 

this grout setting up in the grout lines. It was concluded that the additional cost 
:. 7 of using this more finely ground cement, which amounted to 0 about $0. 20 per = 

— Despite the improvements noted with the change to bentonite, review of the 
& data indicated that sand members of significant extent still remained ungrout- 

ed, These could be grouted only by using chemical grouts and a detailed 1 re- 


view routing materials and procedures was made, tthe 
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_ Experiments s showed that, when mixed with the clays and cements in use at | 
the site, sodium silicate-sodium aluminate mixtures would not get. thls ap- ae 
pete was contrary to most previous experience with these materials, since eo 
the difficulty is usually premature gelling. Experience « of others has shown ~ 

_ that control of gelling of silicate grouts is difficult, and apparently minor changes 
_ in ground water chemistry or pH can cause erratic gel Bee ost oe 


Samples of ground water recovered from the wells in thetest patterns show- 


1 
x 


ed high concentrations of dissolved salts and pH values in excess of 11.0, Er- _ 
_ Fatic variations in these conditions might be expected depending on local per- — 
 meabilities of the formation following grouting with cement- -bentonite, 
“of silica these difficulty was anticipated with controlling gel times 


stability is questionable. these reasons it was rejected. 
_ Anew chemical grout known as AM-9 had become pov a available, 
7 < this process, an acrylimide monomer in water solution and a suitable cata- a 
| lyst a are injected in a single injection process, } Mixing of the catalyst and mon- 
- omer is done through a mixing valve at the top of the grout pipe. By regulating — - 
= quantities of monomer and catalyst, gel times can be controlled ac- .” 
curately : and may be varied at will. . Bys selection of proper catalysts, the pro- 
‘cess can be made relatively insensitive to variations in pH, especially in the 
basic region, cr to reasonable changes in ground water chemistry. As inject- 
ed, it is extremely fluid, having a viscosity of approximately 1.7 centipoise, — 
_ The resulting gel is insoluble and is believed permanent, The gel itself appar- 
ently is impermeable, at least within the range of conventional soil testing pro- a 
cedures. It is not subject to synaeresis, nor to changes in moisture content 
with pressure, and stabilized material has adequate strength and toughness. = | 
is not thixotropic, nor will it heal once ithas been ruptured, = 
_ Studies indicated that this material, while relatively expensive, would have 
- substantial advantages in ease of placement as compared with silicate gels and 
probably would be competitive cost-wise on the overall project. srs 


a test program w was initiated which s showed: 


1, Pumping: and mixing equipment by the manufacturer was satis-— 
factory and could be operated in the field to give proper mixing and control of _ 
_ 2. The material would gel properly if injected into the soil under the con- 
ditions present in the grouted cutoff. 

_ 3, Even a single row of holes of chemical grout injected within the cement _ 
grout curtain area would cause a in permeability. 


ion On the basis c of these tests, it wa was decided to proceed with the v use of AM- - a 


chemical grout using ammonium persulfate | as the catalyst for the final seal- ; 
of sandy zones in the grouted cutoff. or chemiealg 


oles would ee: reviewed. 
"Where the quantity of cement-bentonite iajected at adjacent holes at the — 
elevation was sufficient to assure that all more permeable strata had been 


cement- bentonite, line of chemical grout holes 2 


— 
Sodium Sliicate-Sodlum aiuminate mixtures coulda be assureaq, 
Chrome-lignin has been used to some extent as achemical grout. Itisa 
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used located along the ce: center line of qrout the ¢ quantity of 
ae cement-bentonite injected was limited, three rows of chemical grout holes . 
te would be used; a row along the center line of the grout curtain, a a row about 6 

2 ft upstream of this and an intermediate midway between to be grouted last. __ 

Primary holes would be located along the center line of the curtain 


: midway between primary ‘holee and 2 ft upstream of the center row of cement 


; 3. Criteria ¥ were established in the form of curves setting up | the quantity — 
Ps of chemical grout to be injected in any zone, based on the average quantity of — 
cement grout injected in adjacent holes at the same elevation, 

4.if extremely permeable zones were found, additional holes — would be 
. drilled and grouted at locations established by the engineers toassure sealing, 
_ §. Drilling and grouting would be by zones from the top downward, ing 
same basic techniques the cement- bentonite 


fom, ‘chemical grout would be injected; ttanre, ¢ cement grout would be used, _ 

- Computation of the coefficient was based onthe assumption that flow away from : 
= hole would be through 360° but without vertical spreading, = =~ 
1%, Gel times would be set to permit injecting the estimated ed total quantity of | 
grout just before the first grout injected begins to gel. lt ae 
_— 8. Where tests indicated low permeability, a stage length of as much as as 15 _ 


=, _ Chemical grouting wa was started on February 10, 1959, beginning at the abut-— . 
. ment and proceeding eastward. This work was started on the basis of these 4 


_ criteria and was limited to the primary holes only, except that additional holes ~ 7 
were drilled and grouted adjacent toa few holes which showed abnormally high 


7 IE 20: for chemical grouting was done principally with rotary equipment 
and water since | / experience showed there was not sufficient flowof water avail- . 
F = within the grouted area to provide a satisfactory air lift effect for u ee of 


permeabilities and which required cement- bentonite grouting, ~~ et 


the percussion drills, 4 


The mixing plants were purchased from the AM-9 manufacturer which had — 
- developed them. Services of an engineer to set up these plants and train per - 
sonnel in their operation were also supplied, The flow diagram of the mixing — 
plant is shown on Fig. 9. The pumps supplying both the AM-9 solution and ~ : 
catalyst solution 1 were controlled by the same circuits which were provided _ 
_ with a pressure actuated limit switch to prevent excessive grouting pressures, — 
Outputs of both pumping systems were continuously variable throughout 
entire range, permitting accurate control of pumping rates and gel times, The 7 


several units were cross-connected with a water tank which facilitated ‘flush- _ 
" The work was reviewed from time to time by the board of consultants for — 
7 the p project. They recommended that rather than anarbitrary limit on the quan-— 
tity of grout, all holes be grouted to refusal at 50 psi overpressure and 3 gpm a 
eo using chemical | grout and that grouting | be continued on intermediate spa- =. 
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$M 
-cings of chemical grout holes until the following maximum takes 


ceeded: 


_ 2. From 200 ft from the above abutment to row 104, 1,200 ft from the abut-_ 
_ ment where the cutoff crossed the bedrock high, an average take of 7.5 gal per 
ft, excluding a Single horizon of large ti take if present, but no sae aaealanen horizon of © 
ft height to exceed 40 gal per ft. 


Beyond row 104, chemical grouting would not be required, 


Grouting was completed in accordance with these recommendations, 
a detailed study of the results of both cement-bentonite and primary chemical 
- grout holes, several areas were selected where three rows of chemical grout 
holes were required, The average take in the final check holes was 2. 8 gal 
per ft of water- thin chemical grout. Typical final hole locations through the 
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FIG, 1 


po to row 104 varied pp 13, in, to 6 ft with a substantial portion of 
ne area grouted at 3 ft spacing. _ Hole spacing in the single line portion of the | 
cutoff across the secondary channel varied from 6 ft to 12 ft. The cutoff ter- 


_minated at row 167, 1, 850 ft from the abutment, = 
EVALUATION OF 

ie If it is assumed that the fraction of voids filled with grout at any distance 

. from a grout hole follows a Gaussian distribution, graphs can be prepared 
showing the cumulative distribution of grout through the soil mass. A cumu- 
lative | curve for a typical area is shown on Fig, 11. Similar graphs w were pre- 
_— pared for a number of areas along the cutoff. Assuming the average porosity 
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of the soil 1 mass to be. mon 3 
the cutoff of 30 ft was achiev 
_ _ The most direct measure of the effectiveness of the cutoff is the relative 
_ difference across the cutoff measured upstream and downstream of ita 
_ compared with the drop in the river across the dam, which was 15 ft to17 ft, | 
depending on the river stage. This is about 1/6 of the final maximum head 


which will be developed by the dam. 
Most of the exploratory borings were converted to piezometers to measure | 
water levels in the lower grav els, Also, , additional ‘temporary plezometers 
were installed immediately upstream and downstream of the cutoff and three - 
wells upstream were used, River levels were measured at four points, a Sa 
spectively, 120 ft and 2, 450° ft eats and 260 ft and 1,650 ft a 
_Piezometer levels a and river levels on 26, 1959 a: are 
shown on Fig. 12, - The date was selected since it was the crest of the 1959 


flood: with maximum river , although final check gr was not 


CD10. 


RATIO 


NOTE: UPSTREAM LEVEL TAKEN FOR POINT 800’ UPSTREAM OF DAM 7 " 


esta LEVEL TAKEN FOR POINT 800’ DOWNSTREAM OF DAM 


VALUES ESTABLISHED BY INTERPOLATION TO IIE @ IZE RIVER GAGES ACES _ 


RATIO= _ DIFFERENCE ACROSS CUTOFF 
"DIFFERENCE INRIVER LEVELS ACROSS DAM 


complete, Upstream of the d: dam | the piezometer readings were essentially level 
east to west and showed a .“—* upstream slightly flatter than n the slope of the 


stream end of the upstream retaining wall. Downstream of the cutoff, piezom- _ 
eter readings were essentially level from east to west, with the slope down- 

_ stream flatter than the slope of the water surface in the river. The water level 

_ in the river at the drain through the downstream retaining wall was slightly 
higher thanthe piezometer level inthe lower gravels immediately downstream 

of the cutoff. Accordingly, there was some reverse seepage from the river 
through the drain and into the lower gravels. 
_ The development of head difference across the cutoff as the work progres- 
sed is shown on Fig. 13, in which the drop of water level from piezometers — 
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“GROUTING 
CD-10 to CD-48, respectively, upstream m and downstream the cutoff, is plot- 


ted as a percentage of the difference in water elevations for a point approxi- — 
mately 800 ft upstream of the dam and a point approximately 800 ft downstream 


of the dam. These points were selected rather arbitrarily because the differ- 

j ence in elevations between river gages 13E and 14E, which are immediately — 

+ = upstream and downstream of the dam, was less than the difference in elevation 4 

: between the two piezometers, Using these gages would have indicated a cutoff 

. _ having an effectiveness in excess of 100%. Approximately 90% cutoff had been ; 
reached, by late March 1959, almost entirely by cement grouting. As chem-_ : 
ical grouting began to be effective, this increased to an indicated overall ef 


7 Grouting was } completed on on August 2 28, 1959 at d at direct costs as follows: i 
Drilling and grouting 647, 330,74 


As a matter of interest, certain of materials used in cc 


amet Cement grout 


Drilling through clay 373 lin ft 
Quantities of grout injected: 
Materials used: 7 


Drilling through lower gravel 274linft 
Chemical grout 
Cement base = 39, cu ft per ft of | hole 
Chemical - 15 galp per linft = =2 cu ft ft of hole 


jects in the United States, their actual use in this country is almost without 
precedent. Inevitably, therefore, this pioneer undertaking» will be asa 
a guide for future projects, Comments andobservations on certain phases, which © 
are considered especially important, “may therefore, be « of of significant | help to 
aa - The basic principles whichg guided the design nof the cutoff have been outlined, 
Of these, the most important is considered assuring sequential grouting in which — 
the more permeable strata, especially those along the outside of the cutoff, are” 
Gg grouted first in order to retain and force grout placed later to enter the less 
m,' permeable members and seal them off, The spacing and arrangement of holes, - 
: _ the sequence of grouting, the techniques used, and the types « of grout used | must 
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set grout, because displacement of the totem hardened material may occur, 
On the Rocky Reach project, this was accomplished by the grouting sequence, al 
* by the time required between stages, and by using two different materials of © 
radically different viscosities to assure that, after the material which could | 
_ be grouted with cement grout had been grouted, the remaining voids and less 
permeable zones would be grouted by the chemical grout. 
_ While undoubtedly a substantial reduction in gross permeability and corre- _ 
‘sponding appreciable head loss can be achieved with a single row of holes, a 
minimum of three rows is considered necessary where an essentially complete — ; 
- cutoff is to be constructed, - Additional rows | of holes may be required under | 
adverse conditions or for heads where three rows at design spacing will not 
give adequate width, For the several reasons enumerated, a minimum curtain © 
width of 25% to 30% of the head on the structure is believed desirable. nie 
: _. The spacing adopted on the Rocky Reach project, both between rows and 
along rows, required a radial spread of grout of only about one-fourth of the 
maximum spread observed in the preliminary grouting tests. The basic spa- 
ches of holes to assure reasonable success was determined from the two test — 
grout patterns, Holes were added in areas where results were considered poor 
at the basic spacing. Conditions at Rocky Reach were unusually favorable for 
grouting because of the thick overlying bed of clay and high permeability which 
_ permitted a relatively wide spacing of the holes along the line anda relatively 
_ wide spacing of the lines of grout holes, | Under less favorable conditions, with 
greater variations in permeability or lower permeabilities, much closer spa- 
a of individual grout holes and of lines of grout holes probably would be re- 
: quired, Such factors can be determined only by adequate tests and study dur- 


“ing 1 under some restraining : structure such as the clay at Rocky Reach, or un- 
der | an artificial structure such a as a concrete slab, Special care is necessary 


It is extremely difficult toget complete cu cutoff along these boundaries and care- 


ful, thorough anda which these difficulties 
are essential 


- spacing and locationof holes should be selectedso that the curtain can be cone 

structed at pressures which will not cause heave, Continuous observation to 
detect and avoid heave is necessary, It is desirable to operate at a pressure 

as high as can reasonably be tolerated without heaving, yet to avoid the slight — 
overpressure that starts the movement, 
_ The importance of continuous, thorough inspection can not be overempha~ 
i Continuous | supervision was exercised over Rocky Reach work by G. w. 
_ Torrance, and Ralph W. Kurtz. Conditions can change radically and ay 

within short distances andfrom stagetostage. 
" Continuous study is } necessary to assure that the best possible results are 


- being achieved, This r requires s that a complete set of records be kept and that 7 


_be such as to accomplish this purpose, As a corollary, the sequence, ‘spacing 
— 
— 
— 
— 
&§ 
if 
— 
— 
— 
ao __ European experience has indicated that it is not possible to grout completely — 
to the top of an aquifer which extends to ground surface. Some upwardrestraint 
fe is necessary. This may be created by grouting to about 20 ft to 30 ft from the — 
3 q  oround surface and then excavating to theton of the crout curtain or hv cront- 
° 


they be up , to date. F Fig. 14 shows the data kept for one | stage of cement maint 

ing in one hole, Detail | sheets summarizing | the results obtained in the pre-— 
vious 24 hr were reviewed each m morning. In addition, field inspectors were 
‘instructed to advise immediately of any unusual or unexpected condition, A 
continuous -Tunning plot was kept, showing the quantities of grout injected din 

a Finally, grouting is nota panacea, ‘Used intelligently and with eral 4 
 pervision, under conditions and soil characteristics to which it is adapted, it 
can do a good job, probably at significant savings over many other methods, — 
Complete cutoff of seepage by grouting is improbable, even under favorable ‘. 
_ conditions, Accordingly, it is essential that proper drainage facilities be pro- | 
vided downstream of a grouted c cutoff to o discharge safely and, under controlled 


Grout Removal (wash) to 
(Drilling Item 2 plus 6 ft) owe 


Vol. in Pipe (length x size factor) = —_ Vol. Left Previous Hole 
Vol. in Hose (length x size factor) = 36 vo Tot 
VOLUME INJECTED 
ation must be included on the reverse side 
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_ FIG. 14. —GROUT T STAGE | REPORT 


_ conditions, the water which seeps oR ‘mec cost of these drainage facilities 


is one of the several costs which must be considered in evaluating _ use of 


a grouted cutoff as compared with other methods at any given site. 


Although final evaluation must await completion and service of the dam over 
a period of years, it is believed from the piezometric records to. date (1961) 


ta | 
> 
. 


From present knowledge, it is believed that the ve criteria should govern 


a 1, Tt The cutoff must be o: of ‘sufficient width that at the gradients ac across it are 
Basis low, a width of 25% to 30% of the head being considered the minimum, 
2. Because of the marked differences in permeability which ma may occur from 

: stratum to stratum, it is essential that small vertical stages be used and the 
sequence of holes selected be such that the coarser members are grouted first 
_and then the grout forced into” the finer, lower permeability members in later | 
= stages of grouting. Multiple rows of holes should be used, with the outer sa 
grouted first and 4 inner rows grouted ieee seal grouting with a solu- 


— 


3. Grout should be permanent eee resistant to wher leaching or erosion. 


Saspension grouts: as cement can be used only for reasonably -coars 
grained material, an effective grain size between 0.5 mm and 1.0 mm pro- 
_bably being the finest which can be grouted with such materials, Even then it _ 
is essential that the percentage of material coarser than 200 mesh be kept as 
small as possible, , preferably, not more than 1% or 2% Grout must be stable, 
‘highly plastic andof lowsedimentation; 
— 4 Hole spacings and row spacing must be selected which willassure thor- 
ough grouting of the entire width of the cutoff at sie, eis will not cause 


5, Most important of all grouting is an art. Procedures must be reviewed 
_ and revisedcontinuously while the work is in progress. Thorough supervision | 
by competent, experienced personnel who will adjust grout mixes, stages and 


hole spacings as ) dictated by experience is essential to achieve satisfactory re- 
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Sol MECHANICS AND DF OUNDATIONS DIVISION 
Proceedings of of ‘the ‘American Society of Civil 


_ SYMPOSIUM ON GROUTING: GROUTING IN FLOWING 
WATER AND STRATIFIED DEPOSITS 

By R. Karol,! M, ASCE and A. M. ‘swift? 


‘paper is one. that the Symposium on 

_ Grouting that occupied two sessions of the June 1960 meeting of ASCE in 
Reno, Nevada. Credit for organizing this symposium program goes to a Spe- P. 


cial Grouting Symposium Committee consisting of Stanley J. Johnson, F. ASC E, 


Chairman, T. William Lambe, F. ASCE, and W. K. Seaman, F. ASCE. 


ett It is battoved that these several papers constitute a significant contribution 
- — to engineering practice in the art and science of stabilizing foundation ma- 
= terials by grouting. This is a field in which there appears to be increased | 
interest among foundation engineers and one that is expected to become more 
_ important as time goes on and the need to build structures on difficult soil 
The papers of the ‘symposium are concerned with cement, clay, and 
_ chemical grouting of seams, cavities, and granular materials. The papers © 
illustrate the increased of. ‘chemicals for grouting» ‘purposes and also 
on _ their use with more conventional grouting materials such as clay and cement; Ft 


grouting of overburdened materials that is rapidly becoming a a more 


studies; the grouting ‘of a cut- off in granular. materials to prevent 


beneath a major | hydroelectric (perhaps the first application 


voids and solution channels : in limestone areas subject to large subsidence. 


is 


written request must be filed with the Executive Secr etary, ASCE, ‘This paper is part 


_ of the American Society of Civil Engineers, Vol. 87, ‘No. SM 2 , April, 1961, = eet 2: BU 
Presented at the National Meeting of the ASCE, Reno, Nevada June, 1960. 


en of the copyrighted Journal of the Soil Mechanics and Foundations Division, Proceedings, ; 
* Supervisor of Soils Engrg. . Research, Explosives and Mining Chemicals Dept., O Or-_ 


2 Supervisor of Special Projects, Explosives and Mining C Dept., Organic 
Div., American Cyanamid Co., , New York, 
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Organized in 1952, the ¢ Grouting Committee with Task Committees on 
Cement, Clay, ‘Chemical Grouting has sponsored groups of papers or 
symposia occupying the sessions of meetings of the Society in 1954 and 1956, 
a as well as 1960. Papers” on grouting that have been published in the Journal 
of the Soil Mechanics and Foundations Division are as follows: - Nos. 1145, 
1204, and 1544 to 1552 inclusive. The report of the Task Committee on 
‘Chemical Grouting appears as Paper 1426 in the November 1957 Journal. 
A draft of a report on clay grouting has been prepared by | the Task Committee 
on Clay Grouting; and the report on cement grouting prepared by the Task — 


on Cement Grouting is substantially in its final form. 
pressing its appreciation to the task committees for the excellent r manner in| 
which they have carried out their assignments and to the individuals who, as © 
_ authors of papers, have made significant contributions covering th the me 


of grouting in various fields. 5 


Raymond E. Davis, F. ASCE, 
a Administ rative Committee on 


SYNOPSIS 


Considerable data have been accumulated since 1956 relative to the effec- — 
tiveness of various field procedures in grouting. Although the research pro-— 
gram has dealt mainly with AM-9 chemical grout, much of the data obtained 


is believed to be applicable to other solution g outs with comparable vis- 


— 


- cosities and controllable gel times . It is also thought that the data can be 
used with more viscous solution grouts, if higher viscosities are accounted 
eS for, and with | ‘suspended solid grouts provided the solids are not filtered out. 
caine basic purpose of field grouting is to achieve certain 1 predetermined 7 
results. These results are most economically obtained if the size and shape 
of the ‘mass, stabilized by a single injection, can be accurately predicted. To 


have a sound basis on which to make such predictions, the effects of a number 7 
of variables must be known, 
ol This paper discusses the results of a number of experiments that help to 

define the” effects” of ground-water flow and stratification in modifying the 

‘shape and size of the stabilized mass that would normally be obtained under 
__ Static water conditions in uniform deposits. From these results, it has wae 

come obvious that ‘the \ variables encountered in a grouting wag wacom rors 


affect the ‘efficiency of an injection, and also that a certain degree of control 


can be exercised over many of these variables. S Several conclusions are. 


postulated. 


“3 Since May of 1956, a grouting research program has been carried out, 

both in the field and inthe laboratory, by the manufacturers of AM-9 chemical 
grout to determine its properties and techniques for its use. This program — 
_ has turned | up muc much applicable to all grouts. 
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GROUTING 


vinyl monomers “containing acrylamide and methylenebisacryla-_ 

- mide in proportions that give sufficient cross-linking, when polymerization | 
occurs. The AM-9 is dissolved in water to form a nonviscous solution that - 
will penetrate any formation through which water flows. After the addition } 
(of a redox catalyst, the solution is injected or percolated into a soil or rock — et 
mass. In a predetermined period of time, that may be closely controlled from 1 

3 few seconds to several hours by proper. choice of catalyst, the AM- 9 solution | 
_ *Solidifies to a stiff gel. In this manner, any voids are sealed with a rigid, 

_ continuous gel that not only prevents the passage of water through the mass, 

but also binds the and a moderate increase 
The characteristics of the chemical reaction are such that the viscosity of | 
_the AM-9 solution remains essentially that of water until just before the gel — 

_ forms. With er equipment that takes advantage of these properties, successful | 
applications of AM-9 are often made in a fraction of the eed and at much — 
lower pressures than required for standard grouting methods. = 
‘The low viscosity and controllable setting time of AM-9 make it possible 

to. carry out laboratory scale injections in relatively shallow soil masses, 
the composition of which canbe easily reproduced. This has greatly facilitated — ‘ 


a number of studies on basic grouting techniques by making it possible to 
observe directly the effects of controllable variables on the size and shape © 

In order to be able to carry out an ideal grouting seinen, , and given 7 

prior knowledge about the soil or rock mass and the water flow, 
: would be desirable to know ahead of time what shape and location the grouted 


predetermine the shape of the mass and therefore the location of the grout, _ 
regardless of the soil and water conditions. Aspects of both these objectives 

are described in this paper, and simulated combinations of } known conditions ~ ol 


te grouting program or single injection will be considered to be most ef- 


mass would take underground. | It would be even more desirable to be able to — | 


ficient if. the results produced in the ground are the same as those that are 
desired. For example, Fig. 1 shows two attempts to stabilize a cylindrical 
mass in a uniform soil. In each case, the same volume of grout was used, 
but the method used to produce | the mass on the left is considered to be more 
efficient in ‘that it produced more closely” a true cylindrical shape. In this : 
instance, the efficiency is related to the distance the pipe is pulled between 
_ injections. Many other factors can also ) effect the sinemeens with which a 
major controllable variables affecting the efficiency of an injection 
“are the pumping rate, the setting time of the grout, the pumping time ata 4 
given pipe location, “the distance- time schedule for pulling | or driving the | 
pipe, the grout viscosity, the grouting pattern, and possible inter-relationships 4 
‘between variables, , The major uncontrollable variables are ground-water flow 
and stratification. The effects of the uncontrollable variables were first 
studied, When ous had been determined, tests were made to determine the 


“Development ofa New Chemical Grout,” by R. H. Karol, "Proceedings, American 
Soc. for Testing Materials, , Vol. 57, 1957, 
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DISTANCE THE GROUT PIPE IS PULLED 


i 


The equipment used to perform all of these experiments consisted of a 
a] - wooden tank, a pair of metering pumps and a quarter inch stainless steel 
can pipe fitted with a tapered drive point, and with eight holes just above the 
a point. Fig. 2 shows the tank and injection pipe in place. On the ends of the 
tank are fine screens, The ; ‘single- -acting, variable- -speed piston pump, on the 
far left corner of the tank, pumps water from the rear of the far screen and 
discharges it behind the near screen, Thus : a horizontal flow (simulating 
moving ground water) can be created. va 
_--- Two additional pumps, as shown in Fig. 3, are used asa metering system 
F for pumping grout. The larger (volumetrically) of the two handles the AM- a 


solution. The smaller handles concentrated catalyst solution. Gel times are > 
adjusted by varying the speed of the smaller pump. Separate discharge hose 
from the pumps are brought together in — tee at the top of the injection pipe 
‘The material used for | performing all of the experiments were clean silica — 
7 4 oie with gradation curves as shown in Fig. 4. For reference purposes ——— 
ar are > labeled A, B, C, and D in order of decreasing grain size. —— | 
7 
INJECTIONS INTO INTO FLOWING WATER 
 -* Fig. 5. shows a a typical spherical shape made by injecting at a point within | 
a uniform medium sand mass. In this instance, sand B was used, When . 
R permeability is the same in alldirections, flowis essentially uniform radially 7 
in all dimensions, provided static-head differences are only a small fraction — — 
—_ When similar injections are made under conditions of simulated ground-— 
_ water flow, _ the major effect of a smallflow is to displace the stabilized al 
in the direction of flow, without significant change in shape. This is illustrated 
by Fig. 6. These three injections were made with 5%, 7-1/2%, and 10% AM-9 
solutions, respectively, into sand B. Apumping rate of 500 cu cm per min was 
maintained for 6 min. Gel times were 8 min to 10 min, so that all the grout 
was placed prior to the start of gelation. The circulating pump was started 
several ‘minutes prior to the start of pumping grout, and ground-water flow 
was maintained for 30 min. The flow rate was 480 cu cm per min, Assuming» 
= all the flow took place over a 2 ft-by-2 ft cross section (an area some- ff 
what larger than the screen size), , the superficial ground-w water vareenty was” 


this value. Thus, during the induction period (the time lapse between catalysis 
and gel Sormetion), -water moved about an inch, horizontally (0.1 in. 


- stabilized masses On each side of the injection pipe. Percentage — 
— concentration had negligible effects on the experimental results. 


an inch per minute. this 1/2% AM- 0, with a time 


manner in which injec amipuration of the 
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4.-GRADATION CURVES FOR THE SANDS \NDS USED 
IN LABORATORY EXPERIMENTS 
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A UNIFORM SAND MASS 
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pS FIG, 6.— OF SPHERICAL SHAPE DUE TO SMALL ) 2 FLOW _ 
)PHERICAL SHAPE DUE TO SMALL GROUNDWATER FLOW 
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0 
‘stabilized mass, at the completion of the was distorted 


in the direction of flow and was displaced completely from the injection pipe. — 
: In Fig. 7 the pipe is shown inits actual position relative to the stabilized mass, 
had indicated dilution of 9 with : static 
ground water was negligible for the prescribed pumping , rates. (For example, 
injections were made into a sand mass saturated | with water containing dye. 
The AM- 9 displaced the . “ground water” radially, resulting in a stabilized | 
sphere. _ Wherever dilution occurred, dye would appear inthe stabilized mass. 
z no case has dye appeared in the central portion of a mass stabilized in this 
versed Dye has been found on the periphery of the stabilized masses, par- 
apnea. at long gel times, such as an hour. The thickness of the dye shell 
increases with increasing gel time, indicating that diffusion rather than dilution © Ge 
may be the contributing factor. Accurate measurements of the volume of 
grout and the volume of sand stabilized indicated that loss of grout is negli- 


Q _ gible for gel times less than 15 min . At longer gel times, stabilized volumes 


showed an erratic tendency toward decrease, of the order of several percent 7 
at gel times of 1 hr.) Visual evidence of the size of the stabilized masses at 
_AM-9 concentrations of from 3. 5% to 10% indicated that dilution wa was negligible 
To verify this observation additional ‘experiments we were performed at 
“ground- water flows of about an inch per minute. For these experiments, a 
te responsive to ultraviolet light was added to the ground water in concen- 
trations low enough to have negligible effect on the gel time. The AM-9 solu- 
tion did not contain dye. — the stabilized mass was excavated, any ; 
areas in which areas in which dilution with ground ] 
_ Fig. 8 shows a cross ay of one of the stabilized shapes made with | 
10% AM-9 with a gel time of 7- 1/2min. The shades of dye on the downstream 
“side indicate areas where dilution occurred. Pumping rate was 500 cu cm 
_ per min for 6 min. soouni-wihes flow was somewhat faster "than that for the ‘orn 
“massshowninFig-7% 
Dilution with ground water occurred only in the downstream side o of th the 
‘= in the area in which distortion from the desired spherical shape was” 
acute. The dark shaded area showed a heavy concentration of dye, indicating | 
dilution: to an estimated 20% to 50%. . The lighter shaded area hada light dye 
concentration, estimated at less than 20%. Because a 10% AM-9 solution can __ 
be diluted with as much as twice its volume of water and still form a gel, it 
is probable that the stabilized volume accompanying limited dilution will 
Experiments with similar injections, but at much shorter gel times, 
discussed later in this ‘paper, , indicated ed that dilution \ with ground ty can be P. 
If it is the intention to ‘stabilize the mass of soil surrounding ics pipe (as ‘7 
is usually the case), the injection efficiency, shown in Fig. . 1, is poor, More- 1 
over, efficiencies can be expected to decrease with increasing rates of 
: ground-water flow. The most obvious methods of increasing the efficiency for — 
a given grout volume would be to increase the pumping rate and decrease the — 


_ ‘that in n turn limit the pumping ‘rates that c can n be used. The induction period is —— 
always controlled. However, decreasing the gel ome a 
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G. 7.—DISTORTION OF SPHERICAL SHAPE DUE TO © 


HEAVY GROUNDWATER FLOW 
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FIG, 8.—CROSS SECTION OF UNIFORM SAND STABILIZED 7 
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“corresponding increase in pumping will the grout will | 
begin to gel in the ground before the desired volume has been placed. This © 
may, in some instances, interfere with placing the full grout volume. Pel” 
_ Initial experiments to evaluate this” procedure were done under static 
7 ground-water conditions. A typical result is shown in Fig. 9. This experiment 
was made in sand C, with a geltime of one minute and a pumping time of four 
_ minutes, The stabilized mass is roughly spherical in ‘shape. It is thought that 
"the cauliflower shape is due to isolated rupture points made by | newly injected 
; grout through | incipient gel surfaces of earlier grout. The surface texture 
_ and general shape, ‘shown in Fig. 9, is typical for r other sands also. its 
When the short gel, time- -long pumping time technique i is applied to flowing 
ground water, the increase in efficiency is remarkable. Fig. 10 shows an 
_ injection made under the exact conditions described for Fig. 7, except that — 
e i the AM-9 concentration was lower (5% versus 7-1/2%) and the gel time was 1 
-min instead of 9-1/4 min. Laboratory work with AM-9 at other concentrations 
—"* in other materials has established that a gel time much less than the 
total ‘pumping time is” a feasible procedure, and that efficiency is greatly 
_ increased. Field work has verified this conclusion. Gel times as low as ten 
~ seconds have been used on several successful field jobs. It is woneved that 


these would not have been successful at longer gel times. 
INTO STRATIFIED MASSES 
Most natural ‘soil ‘deposits ale be stratified, and such | deposits will have a 
. greater permeability in the horizontal direction than they have vertically _ ; 
Even a single stratum of of soil often exhibits this ¢ characteristic. Thus, the 
idealized shapes that can be obtained by laboratory experimentation under 
_ uniform conditions cannot often be obtained in field work. This is illustrated _ 
_ by Fig. 11. This injection was made by slowly pulling the pipe upward, while 
pumping through strata of A, B, Cc, andD sands. For this injection, a gel time 
longer than the total pumping time was used. In a uniform material, a fairly 
uniform cylindrical stabilized mass would have resulted as shown in the left 


half of Fig. 1. It is obvious that stratification has seriously reduced the chances 


of producing auniformecylinder, 
» A series of injections is planned into a three-layer system, Each sand © 
; ‘stratum will be 4 in. thick. The outer layers will be a medium sand for all 

injections. The middle layer will use three different sands, ranging down to a — 

fine sand and silt in fineness. By statistical analysis, the variables and their — 
levels are- combined s so that the separate effects of each may be determined 


444k 


with a minimum number of separate injections. 
In theory, a gel time much shorter than the pumping time should help to 7 
rT educe this problem. _ The grout injected first should flow into the more per- 
meable zones. When these start gelling, the grout currently being pumped 
should be forced into the less permeable strata. This procedure will be ac- 
companied by an increase in in pumping pressure as the coarser strata are 
sealed off. These higher pressures, together with: the limited soil cover, 
‘a. available in laboratory scale tests, have limited the extent to which this pro- — 


cedure can be verified experimentally. ‘However, the procedure has has been 
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9. _—MODIFICATION OF TY TYPICAL SHAPE DUE TO GEL TIME 
SHORTER THAN THE TOTAL PUMPING 
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— THE SOIL PROFILE 


has been ‘used successfully in sealing leaks in ‘concrete joints, 
es Partial verification of the effectiveness of short gel times has been = | 
tained in the laboratory. . One such experimental result is shown in Fig. 12. 
In this case, a gel time of one fourth of the pumping time was used. View 
comparison with Fig. 11 indicates an increase inefficiency in that the 
mass has a more uniform shape. Intheory, the same increase in effectiveness | 
could be obtained with two. separate injections, with the first sealing the 
7 coarser voids, and the second being forced into the less permeable zones. — 7 
' For large field jobs in which many separate injections must be made to grout 


_ to insure an effective job. ‘This has been verified acid times in n the iecciory 


of the many laboratory experiments that importance 
a marunes § one location of injections was made in an artificial soil profile — 


- mation | in Fig. 4. The injection og was to be driven down ‘to the 20-in. = 
and then retracted in steps to the 8-in. depth. The path of the pipe point is 
shown by the heavy line in the center of the profile. Based on the soil void 
-_Fatio, 1200 cu cm of grout (100 cu cm per in. of depth) should stabilize a _ 
_ cylinder with an average diameter of 4 in. The vertical dashed lines indicate 
the: average anticipated distance of radial flow. The irregular outline on the 
profile indicates the pre-grouting estimate of relative penetration caused by 
permeability differences inthe various strata, 
“a For this experiment ten percent AM-9 chemical grout was used with 
- catalyst concentrations set for a gel time of 1- 1/2 min. The metering pumps © 


were adjusted to a combined flow rate of 200 cu cm per minute, Pulling the 
pipe one inch every 30 sec would thus result in the desired injection volume. 
This meant also that gelation would lag behind the pipe two to three inches 
vertically. The grouting pattern shown in Fig. 14 was deliberately chosen to 
illustrate the beneficial effects of intermediate injections (equivalent in the © 
‘field to grouting to a refusal pressure). In one half of the pattern, only two 
rows. of injections were to be used. It was anticipated that a solid barrier 
would not be formed in this portion of the grout curtain, because of stratifi- 
cation. In the > other half of the pattern, a third intermediate row of injections 
"would be placed seal the finer “Strata that the first two rows might not 
7 ‘stabilize. _ The numbers in Fig. 14 near the hole locations indicate the se- 
quence ‘ie which a total of twenty-five injections were made. The sequence 
ae was chosen so that later injections always fell between two previously gelled © 
areas, a procedure that prior laboratory work had indicated was highly de- — 


_ 4Control of Seepage in Mines,” unpublished report of the American Cyanamid Co., 
“Canadian Experiences with AM-9 Polymer,” by J. W. McBean and L, J, Cunningham, 
Ninth Annual Drilling Symposium, Pennsylvania State Univ., October 9, 1959, _ oder bale 
- 6 “Field Work in Vergennes, Vermont,” unpublished report ofthe American Cyanamid 
Co,, June 29, 1959, 
4 “Chemical Grout Technique Solves Meramec Shaft Sinking Lee Bil- 
, Engineering and Minin Journal, November, 1959, 
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‘grouting: program was carried out over a two-day period. Injection 
e _ pressures for the outside rows were generally of the order of two psi to 
a ‘psi, fi r shots: 1 through 11, For shots 12 12 through 20, initial breakthrough 
pressures of 5 psi to (10 psi were common at the start. of injection. These 


7 higher pressures quickly reduced to 2 psi to 4 psi. In the third row, shots 21 
through 25, breakthrough pressures as high as 20 psi were encountered. 
These generally reduced to 5 psi to 10 psi, shortly after the start of injection. 


_ Despite these high pressures, no one backflow of solution was noted at 


‘After completion of grouting, the unstabilized soil was carefully excavated 
to reveal the stabilized mass shown in _— 15. ne individual injections are. 


FIG. 1s 5. .-STABILIZED CURTAIN OBTAINED WITH THE GROUTING 


SHOWN IN IN IN THE IN FIG. 13 
clearly delineated, and the average shape of a single injection could be ae - 
5S termined quite accurately by measurement. The results of these measure- 
7 ments are shown in Fig. 16. This shows sharper delineation of strata bound- i 
- ries than anticipated (see Fig. 13), and also indicates some mixing of the 
strata was } induced by the vibrations applied to densify | the ) aes prior al 
Incomplete stabilization of the fine stratum is clearly shown in Fig. 17, 
a side view of shot numbers 10, 11,19, and 20. Even though the major portion 
the sand mass solid, the openings" in fine ‘stratum would render the 
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curtain 1 relatively ineffective for prevention of ground-water flow. The im-_ 
“ provement in peg of the grout curtain produced by the third row of shots 


later injections extruded between previous shots, even in the 
4 in which overlapping was ‘apparently This extrusion is also 


able in Fig. 15. 

results other experiments make it clear that complete 
; aa = ‘successful stabilization can be accomplished in stratified deposits. It is 


believed that application of the principle of short gel time with longer pumping _ 


time, as previously described, can produce even better results and can mini- _ 
the number of injections required. Admittedly, knowledge and control 


ables in the field will not be as good as can be obtained in laboratory — 


‘FIG. 18. _—-INCREASE IN GROUTING DE FFICIENCY AN 
work. However, successful work in 1 the should be provided that 

‘such work is not done ona hit-or-miss basis, 

le is believed that the confining effects of adjacent stabilized masses are 

_ important in that they tend to force intermediate injections into the less 

pervious areas within a mass. qf this: is SO, a minimum of three rows 


_ for circular injection patterns, two concentric rows of injections can afford 7 


~ continuously two. to three feet below the bottom of the r pipe, at all elevations. 

This procedure eliminates the possibility of pumping allthe solution from one + 


amid Co. 


“Shaft unpublished report of American 


a _tained, in terms of the formation of a solid stabilized mass in the fine sand _ ; 
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20,-EF FECTS OF THE RATIO BETWEEN GEL TIME AND LENGTH OF 
"TIME INJECTION PIPE REMAINS AT EACH ELEVATION 


fy 


i 
— FIG, 19,-RESULTS ABLE VARIABLES ON 
VARIABLES ON GROUT «Ff 


GROUTING 
- porn of injection locations should be based on the : average yerage diameter of a 
ke soil column, computed from the volume ofthe solution to be pumped : 
and the void ratio of the deposit. og 


‘basic grid spacing. This spacing should give complete stabilization in the most : 
r pervious strata. The final group of injections “should be made at the center 


of each square formed by the basic grid spacing. It should be anticipated that 
injection pressures for the foal nee may be much higher than those > 


‘injediions should be such that ‘the distance between on previous injections is 4 
PRELIMINARY EVALUATION OF CONTROLLABLE ‘GROUTING VARIABLES 
i: The effectiveness of a grouting operation can obviously be affected by 
_ variables other than the grouting pattern. Pilot studies have been conducted 


to determine th the most most desirable boundary conditions _ a seca 7 


‘TABLE 1,—LIMIT V 
bee VALUES FOR LABORATORY VARIABLES» 


Variables Lower Limit 


Time between retractions, 7 


Gel time, seconds 


Viscosity, centipoises = 


study of of these variables. This study nat met con- 
cluded. ~The stabilized shapes resulting from the pilot study are shown in Fig. © 
19. These have revealed some interesting comparisons. The effects of the ~ 
"ratio of gel time to the length of time the pipe remains in one spot is shown 
i Fig. 20. These injections were made with the same grout volume through 
a retracted one inch every 15 sec. The stabilized mass on the right was : 
_ made with a 15-sec gel time, that is, the > pipe was retracted at the same time — 
as grout, injected at any one elevation, began a gel. The stabilized mass on 
& left was made with a gel time of 6 sec. In this case, gelation at every ele- 
vation started well before the pipe was retracted. Higher injection efficiency 
™ obtained with gel times shorter than the pulling times in this and in other 
_ experiments, and this procedure is recommended for field use in | stratified 
"deposits, where pumping pressure limitations permit. | 
a - Gel times as | short as practical should always be used. Injection efficiency 
in stratified deposits has been found, in these pilot studies, to decrease with — 
increasing gel time. Fig. 21 shows the result of an injection made under the _ dq 
same conditions as those shown in Fig. 20, except that a gel time of 10 min ig 
was used. Penetration | is notably less uniform for this long induction period. ¢ 
_ AM-9 solution has a viscosity of less than two centipoises, approaching 


; that of water. The effects (of viscosity on injection efficiency can be studied : 
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the ‘of AM. AM- solution with soluble p poly- 
mers. In Fig. 22 is shown the comparison of two injections made under = 
q i identical conditions, except that the viscosity of the grout used for the mass 
; on the left was artificially increased to twice that of a normal AM-9 solution, 
Significantly less was achieved in the finer with the higher 


- -‘The pilot study has ‘defined limits as practical values for the laboratory 


equipment to be used, These are ‘shown in Table 1. 


The d desired results of a field grouting program are most a i ’ 


it shape of a mass resulting from a single can 


factors are important in minimizing the ‘differences caused by local profile 
es conditions. These factors are related to grout properties, , and their use can 
help in achieving more closely the desired results of a grouting operation. a 
Most important appears to be the ability of a grout to be pumped into : 
ground for a period appreciably longer than its setting time. By doing this, | 
‘a the grout gels where it is placed, so that it cannot be carried away by flowing — 
_ ground water. Also, the first quantities - grout seal the more pervious zones, 

forcing penetration into the finer zones. 
order to be used in this fashion, a must have accurately 
setting times (particularly in the very— short setting times), a low viscosity — 

- that remains unchanged until gelation, and a plastic type of end product, so 
that the still-fluid grout can break through the incipient | gel at the leading» 
grout boundaries without fracturing the formation. ee 
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A: AND D EVALUATION OF SOIL- 

Closure by James K. s K. Mitchell a ‘Dean R Freitag 
— K. MITCHELL,! A. M. ASCE and DEAN R. _ FREITAG, G,2 M. ASCE.— 

_ The amplifications on the philosophy and techniques of the testing procedures aa 
employed by their respective organizations contributed by Messrs. Catton, 
Zube, and Macleanand Clare areof particular value. The writers are grateful, 
too, to Mr. Catton for referring tothe workof H. F. Winterkorn, now at Prince- — 

7 ton University, whose studies on the physico-chemical aspects of soil stabili- — 
zation are a landmark in this: field. . They regret the inadvertent omission of c 
‘Mr. Winterkorn’ rlistofreferences. 

ie The experiences of Maclean and Clare with the stabilization of organic 

7 soils in Great Britain will be of particular interest to engineers inthe northern — 
United States in which: similar problems are” encountered frequently. 
- ‘point out that it is neither organic matter nor acidity alone that indicates a soil 

- will be difficult to stabilize with cement, but rather the simultaneous occur- 
“a rence of both factors under particular conditions of soil formation. “Protay 
~ the type and amount of clay minerals present also are of importance. It seems 
4 possible that if the physico-chemical relations involved were better understood, _ 

_ these problem soils could be more positively i identified and perhaps some means — 
could be to effective cement stabilization. 


4 However, the writers will attempt to deal with the major issues involved. | | 
Le As Mr. Felt states, it would be desirable | to make a | comparative evaluation > 


conditions. Unfortunately, this is expensive and there are few such data. The’ 
alternative is to compare the results of tests with one type of pavement with 
the design specifications for equal performance of another type for * which es- 


tablished design criteria exist. Any of the several design procedures for flex- 
- ible pavements could be used for this purpose; but because most of the avail- 


_ &@ December 1959, by James K. Mitchell and Dean M., Freitag (Proc. Paper 2294), 
ore 1 Asst. Prof. of Civ, Engrg. and Asst. Research Engr., Inst. of of ‘Transportation and 
Traffic Engrg., Univ. of California, Berkeley, Calif. 
2 Chf. , Mobility Sec Sect., Engr., ‘Waterways Experiment Sta., 
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—_ of Engineers flexible pavement design curves were the most logical choice. [i 
of Mr. Felt’s objections to the analysis may arise from incomplete _ 
ae: a understanding of the principles on which the Corps of Engineers’ flexible pave- - 
[—— | ment design criteria are based. The Corps of Engineers design procedures [ff 
+ 4 —— assume that a pavement may fail as a result of excessive deformations either 7 
| 
oy 
te 
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in the subgrade or in the base. ‘The thickness specification is maended to pro- 
_ a sufficient thickness of better- -quality materialover the subgrade topre- | 
vent failure in the subgrade. The thickness requirement does not specify the 
quality of the material making up the thickness, nor does it make any aor 
for reducing the thickness requirement if high-quality ‘materials are used.3 4 
The specifications for quality and compaction in the base course are intended 
to insure that failures do not occur in the base course. _ These requirements 
are not related to the thickness of the base course and do not influence the 
thickness requirements. Thus, the writers believe that Mr. Felt’s objections 
_ concerning: base course densities, the compaction requirements for airfield 
~ pavements as opposed to highways, and his several statements concerning base _ 
course failures are not relevant to the thickness analysis, aeae, of course, 
his objection is with the Corps of Engineers design criteria. jj a 
too the Corps of Engineers flexible pavement specifications do not 
permit a reduction in the thickness requirement, it must be recalled that these 
8 specifications were developed from and intended for use with pavements con-_ 
structed with uncemented granular | materials. There does not seem to be any 
doubt that a pavement that possesses ; appreciable flexural strength will not need 
to be as thick as one that has very little flexuralstrength. A comparison of the 
design requirements fora portland cement concrete pavement over a weak sub-— 
a ~~: witha similar flexible pavement design illustrates that very well. How- 
ever, in the case of soil-cement the question is whether its relatively modest _ 
i flexural strength can, in practice, be relied on to provide a saving in the thick- >: sl 
ness requirement. The writers concluded from the available data that in gen- 
- it could not. This is the point with which Mr. Felt has taken issue. dali i 
In his discussion of the analysis of the field data, Mr. Felt appears to >have 
- placed excessive confidence in 1 the data ‘Supporting h his position. . However, | it is | 
a the writers belief that the data has been extrapolated beyond the usable range. = 
For example, Mr. Felt infers that at Biggs Airfield 8 in. of soil-cement suc-_ 4g 


ee carried thousands of repetitions of 30- ~kip wheel loads over a 5 CBR 


Felt states that the best evaluation of the necessary a 

: cement in | comparison ‘to usual thicknesses of flexible pavements is contained | 
~ in the California Division of Highways design criteria. The writers believe that _ 
_ ‘Mr. Zube’ s discussion effectively puts this in the proper perspective. Mr. Zube — 
States that their criteria for Class cement- treated base consider a con- 


- trolled, uniformly graded aggregate that ‘results in . something similar to a low- 
“grade concrete. Thus, the product that the California Division of Highways re-— ae 
_ fers to as Class | A cement- ~treated base is quite different from what most en- - 


“airfield Fl Flexible Pavement Design Procedure,” T. _R. No. 3 3-475, U.S, ‘Army 
Waterways Experiment Sta., Vicksburg, Miss., February, 1958. 
 - # *Relative Stress Distributing Efficiency of Pavement Layers,” M. P. No. 4-84, U. — 
S. Army Engr. Waterways Experiment Sta., Vicksburgh, Miss., April, 1954. ae _ 
ws “Design of Concrete Airport Pavement, ” Portland Cement Assoc., Chicago, Ill., 
“Strength and Elastic Properties of Compacted Soil-Cement Mixtures,” _ by E, M. 
“Felt and and ‘M.S. Abrams, ASTM Publications No, 206, 1957, 
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DISCUSSION 

s discussion as Class Cc CTB and rated on par with ‘uncemented 
courses more nearly merits the name of soil-cement. 
A ae In Fig. 1, actual thicknesses of failed soil-cement sections are compared f 

a graphically with corresponding flexible pavement design thicknesses. The data 

_ for the Brockenhurst-Haddenheim test road in which inadequate a 
of the organic clay resulted in early failure of the surface have not been in- 


; _ cluded. _ The dashed sine on the plot represents: a 1:1 relation, whereas the ea 
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Wie, 
- Highways. The writers believe that most engineers would be reluctant to adopt 
the California relation for Class A CTB without also adopting the California _ 


control specifications. 


We In conclusion, the writers believe that soil-cement is a very useful engineer-_ 
ing material and that it will receive increasing attention in pavement construc- 
tion. However, in view of the | uncertainties in construction control, mixing 
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problems in fine-grained soils, shrinkage cracking, and so forth, t 


become available, they stand on the conclusions presented in the paper. They 

_ urge that, whenever possible, complete, well-documented, and factual evalua- _ 

_ tions should be made of the performance of soil-cement construction (indeed, _ . 

oe of all types of stabilized soil). It is only by this means that the capabilities 
and limitations of this type of pavement construction eventua 


potential of soil-cement will be to construct base courses that will not be ex- 
oii aa pected to provide a high flexural strength. Furthermore, until additional data _ 7 ae 


‘High (plastic) strain occurs mainly at high temperatures under ae 
_ eaten loads. Under dynamic loading conditions, however, deformations wall 


questions; the writers comments follow: 


under both loading conditions. Static loads, 
_ meet considerably less resistance to deformation, especially on bituminous — 
- _ pavements and clay subgrades. The extrapolated value of R indicates the dy- 
namic stiffness at rates from 8 c per s upwards, where the experiments are > 
- carried out, but does not apply to static experiments. The dynamic material 

constants, introduced in equations derived for r statically 1 loaded elastic bodies, 


between wave velocities and R values, , both of them being related 
to dynamic conditions. A comparison between static and dynamic properties, _ 
for example, CBR values and dynamic E ‘modulus values shows considerable __ 
_ differences (a factor of 5 to 20 in this example). For this reason there is a a 
- better agreement between moving traffic and dynamic testing conditions than 
ever ‘be obtained between moving traffic and static testing conditions. 
63 ‘The vibrating system is governed by the parameters R, M, and A. This 
applies also to traffic and impact loading, but in these cases the contribution 
- of M and A is much less, so that | Ris the main parameter. The writers are 
quite aware that putting the traffic stiffness equal to R is an approximation that, 
: for the present stage of development, , Suffices. After improving the accuracy 


effects for computing traffic stiffness for better | accuracy. 
Mr. Eremin suggested more ‘illustrative examples. Considerable mation. has" 


been done | with the vibrator on airfield pees by the | Corps of Engineers. 
Also, work is continuing in other locations. 


= a 1 1960 by W. Heukelom and C, Foster (Proc. Paper 2368). 
85 Konin Klijkel Shell-Laboratorium, Amsterdam (N, V. De Bataafsche Petroleum 7 
36 Asst. Chf., Soils Dw., 
burg, ‘Miss. 
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COMPUTER ANALYSIS SLOPE PE STABILITY? 


A. “HORN, 13 , M. ASCE.. and described in 
the paper mark the furthest advance made by this writer. Unfortunately, the 


_ writer has not worked on this problem since August, 1958. However, it is in- 


_ deed heartening to see now (1961) what great strides have been made by the § 


others still working in this field. Mr. B. 0. Hardin and Messrs. A. 


“of the art of “Soil Mechanics Sienna 4: - if it may be called that. . Happily, 
both discussions represent improvements andadvances rather than criticisms | 
_ and disagreements so we are all obviously on the right track. It remains for 

us to return to our respective computers and start work on the —* - 
‘complete | slope stability analysis /design” program. 
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@ June 1960 by John A, Horn (Proc. Paper 2501), 
Lt. (j.g.), Civ. Engr. Corps, U.S. Navy, Pub. Works Officer; Staff, Commander 4 
_ Naval Air Bases, 11th Naval Dist.; NAS North Island, San Diego, Calif. 
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"FOUNDATION NDATION VIBRATIONS? 


A. Fischer, 
“4 


BOBBY OTT HARDIN, M. -ASCE.- —The author or has made the theoretical 


_ soil in order to evaluate the dynamic characteristics of a foundation. Ways of -— g 
eels these quantities are listed and some of the soil conditions that will a 
affect them are indicated. _ The writer is at present carrying out an investigation al 
on the behavior of sands under torsional oscillation. Although only preliminary — 
test results are available at this time (1961) they may be of interest. Fa 
of the results thus far obtained forthe effects of pressure and void ratio onthe 
shear modulus of standard Ottawa sand (fraction between No. 20 and No. 30 

- sieves) are presented here in. The shear modulus was studied by determining — 
the effects of these variables on the velocity o of propagation of shear waves 

Experimental Method.—An apparatus of the electromagnetic. type, similar 
to that used by Birch (54)? and others, was used to induce and measure the 
8 steady vibration of a cylindrical specimen approximately 12 in. long and 1 1/2 
in. in diameter. The specimen was contained in a rubber membrane cratuowere 

at the ends to plexiglas end pieces. specimen andvibration apparatus were 


ally. A wide range oscillator with power supply and amplifier w were e used ¥ 

_ supply the driver with an alternating voltage. The current generated by the © 

_ pickup was amplified and displayed onthe oscilloscope. | The resonance metho method | : 
was then used to determine the velocity of the shear wave. 
Mati Results .—The pressure range considered was approximately 500 psf to 8000 

_ psf, that corresponds approximately to 5 ft to 80 ft of earth. In one test a 

_ pressure was as low as 150 psf andsome as highas 9800 psf. _ Void ratios rang- =i 

=z between 0.51 and 0.63 were obtained. The void ratio was measured with the 

specimen under a pressure of 13.5 psi. Fig. 16 shows the effect ewSENT 


and void ratio on the shear modulus in dry sands. 


a August 1960, , by F. E. Richart, Jr. (Proc. Paper 2564). 
4 Natl, Science Foundation Fellow at Univ. of Florida, Gainesville, Fla.; also Asst. 
_ Prof. of Civ, Engrg., Dept. of Civ. Engrg., Univ. of Kentucky, Lexington, Ky. nw 
in parenthesis: to © corresponding items" in the 
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6.—VARIATION OF THE SHEAR MODULUS OF OTTAWA SAND WITH = 
_ CONFINING PRESSURE AND VOID RATIO 


ADDITIONAL 


54. - “Elasticity and internal Friction | ina Long Columnof Granite,” by F. Birch : 
am D. Bandcroft, Bulletin, Seis, » Soc. of America, Vol. 28, October, 1938. ip 


me. A. SMOOTS,® M. ASCE, J. F. STICKEL,9 and J. A. FISCHER, 10 A. M. 
ASCE. —The writers will attempt to review portions of the paper in the light oO 4 : 
their field experiences. Some of the methods used during the course of their | : 
consulting practice will a in order to demonstrate the practical ap- >. a 
Probably the initial in the study of vibrations within soils 
_ the determination of the elastic properties of a soil. , It is known, however, al 
‘soils do not behave in a truly elastic, semi-infinite, isotropic manner and ex- 
hibit many non-theoretical characteristics. For example, the consideration of | 
7 one additional rn in the semi- -infinite elastic soil system complicates cs 


7 that occur at ne interface. Even in n the ‘most simple case, an 1 elastic wave ll 
sis sisting of of longitudinal and transverse impulses striking a theoreti-- 


Cons, Partner, Dames & Moore, Los Angeles Regional Office, Los Angeles, C: alif _ 


9 Cons., Dames & Moore Geophysical Div., Los Angeles, Calif. ghey ae eS) 
10 ° Quality Improvement Engr., Dames & Moore Genl. Offices, ‘Los Angeles, Calif. 
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cally | no less than twelve new wave types are produced. Further, each wave 
may generate the Love wave and the Rayleigh wave in the boundary itself (55). 2 ie 
Ih fact it is felt that under certain layered conditions, the most damaging vi- 
_ brational effects may be due to the reflectedand refracted waves due to an un- 
derlying denser medium. Consideration should also be given to the fact wae 5 
both the compressional and shear waves actually contain vectors inthree planes. _ 
ee is also most probable that even if the foundation soils were closer to an 
_ ideal elastic material, the conditions immediately below the foundation would é 
be such that the soils would be stressed beyond their elastic limit. = ~~ 
id As mentioned in the paper, the velocity of compression (longitudinal) waves © 
are affected by the presence of ground water in the soil system. If the soils” 
_s = truly elastic there should be no difference in the elastic properties as 
the soils \ were in a saturated condition. In general, however, it 
ot _ Because of these very real problems faced in their work, the writers have 
felt that the most realistic approach to the problem has been the field meas- 
ete’ of average wave velocities by geophysical prospecting equipment. Even 
_- this method of field measurement, consideration must be given to the type 
> of measurements being made. Because vibratory machinery is not limited to 
a single degree of freedom in its motion, it is necessary t to consider the various” 
_ modes of vibration that will occur. _ These modes can include horizontal move- 
"ments, vertical movements, and rotation about a horizontal axis. Therefore, 
_ the writers have attempted, where possible, to determine the elastic properties — 
of the soil in the direction of movement. _ This has included, aside from ordin- — 
_ ary compressional wave velocity measurement, the determination of up- hole > 
velocities and the measurement of surface (or Rayleigh) waves with the result- ; 
ant conversion to shear wave velocity. These data could be used to determine 
a the shear modulus G (the modulus of rigidity) for use with Mr. Richart’s anal- 
The writers have recorded a series of compressional wave velocities of - 
_ granular soils for aseries of different depths at the same sites. A plotof these 
field measurements on Fig. 6 shows quite a deviation from the suggested re-_ 
_ lationship between confining pressure and compression wave velocity ( Fig. 17). 
_ These field measurements were up-hole velocity readings and perhaps may — 
"aaa the departure of the soils from an assumed ideal elastic media. elie an 
In order to correlate Mr. Richart’s suggested procedure with other methods 
of analyses presently utilized, the writers have performed a series of com- 
-_ putations with the data presented as Example A in the paper. . The pertinent 
om is presented as follows: total weight of foundation and engine .. ag 
78,370 ib; total unbalanced forces = 4525 lb at 1800 rpm; size of foundation = = 
17 ft by 4.6 ft in plan dimension (78.2 sq ft) by 16 ft high; soil - - sandy clay; 
4 modulus of rigidity (G) = 2, 500 psi; Poisson’s Ratio (2) = 0.50; and unit weight — 7 
With an analytic ‘procedure u using data presented by Gregory P. Tecate ; 
tarioff F. ASCE, (56), a resonant frequency for the soil of 622 cycles per min 
- may be determined. Because the operating frequency is 1800 rpm, the com-— 
_ pressor ‘foundation should be out of the resonance range as shown in Mr. Rich — 
_art’s example. Tschebotarioff’s method is predicated on determining a reduced © 
natural: frequency (fnr) and and utilizing 2 a sel series Of experience r records and is 
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4 2 Numerals in parentheses refer to corresponding items in the Bibliography. 


quency of resonance (fn ) is proportional to the reduced natural ee | 
vided by the square root of the different om types. 


The reduced natural frequency from Tschebotarioff’s Fig. 1 (56) for a | Sandy 


s -. soil with a foundation area of 78.2 sq ft is about 440 cycles per min. Be- -_ 
cause fp = fpr/V¥Po = 440/V.50, the resonant of the is about 


- 622 cycles per min as previously noted. 
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‘FIG, —EFFECT PRESSURE ON THE COMPRESSION WAVE i 


the e natural frequency the soil foundation system, the operating 


. quency, the weight of the foundation, and the magnitude of the unbalanced forces 
all known, then the approximate amplitude of the system may be deter- 
mined. A method has been =" K. Newcomb (57), — 


by y Isao Toriumi (58). Toriumi integrated equations sof E. Reissner 
_ (59) for the case of a uniform foundation load, while Mr. Richart has utilized 
_ Mr. Tse Yung Sung’s (60) work for the case of a rigid foundation. Toriumi has 
also assumed that Lame’s constants were equal, that is, Poisson’s ratio’ equal 
to 0.25. While not particularly ap applicable to Mr. Richart’: ~ Example A because 


rocedurea 
— 
— 
— 
— 
— 
— 
— 
or 


DISCUSSION 
4 of the rigid base considerations ons of the engine foundation, Toriumi’s method has | 
_ been used to analyze the same problem in order to develop some comparative — 
_ answers. : For purposes of clarity, the complete mathematical procedure used | 
not be presented. -Toriumi’s method utilizes the dimensionless parameters 
= and b as well as an equivalent radius ro as defined by Mr. Richart. A res- “s 
be onant frequency of 600 cycles per min and an amplitude of 0.000633 in. have 
been computed using the diagrams presented by Toriumi. 
-Boththe amplitude and frequency values obtained from Tschebotarioff’s and 
- Toriumi’s procedures agree fairly closely with those found by Mr. Richart’s 
eee In fact the amplitudes computed by the three methods were ‘surpris- 
To use Toriumi’s work in its present state to determine the resonant fre- is 
quency of a foundation system requires some additional work. The writers 
; “a merely approximated a value from Toriumi’s graphs and did not carry out the 
. 3 integration process necessary to develop amore precise value. This might 


_ have led to the somewhat greater difference in care dtreuramenenal as com- 


u Aside from the two methods discussed, the writers have made use of a pro-- 

7 » - eedure suggested by Adrian Pauw, F. ASCE, (61) ina series of field tests per-— 
‘ formed at Kwajalein Atoll in the South Pacific. 
_ This field test was conducted at a site at which the construction of a sen-_ 


tre radar tower is planned. The radar dish will make fast starts and stops. 


The impact of these fast starts’ and stops would cause vibration of the dish due © 
om to the elastic flexibility of the mechanical system. Also, the impact 1 
cause vibration of the on the subgrade soils. foundation soils 

saturated, moderately compact sands. ‘Tf both the foundation and mechan- 
ical “system should vibrate at the same frequency, they could reinforce each — 
other and seriously delay the ability of the radar to fix on its target. = 

A test procedure was set up using a large vibrator borrowed | from th the Navy. bs 

This vibrator was taken to the site at Kwajalein and mounted on a large con- 

crete block. After testing on this block, the vibrator was moved and tested on 
3 four other foundations of various sizes and weights. This vibrator is capable 

& 4 of developing torsional or tilting forces of 37,000 ft-lb and a vertical oscillat- 
ing force of 20,000 lb. The weight of the five test blocks varied between about © 


_ Actual movements of the foundation blocks were measured with a ‘mechan- 


- ical recording seismograph. It has a a magnification of both 50 and 100 of actual 
ground motion and contained three pendulums, one vertical and two horizontal. 
These pendulums measure the vibration wave inthree directions at right angles — 
each other. The seismograph ‘pendulums had a natural frequency of 
_ cycles per sec. The vibration machine was operated at a number of different 


ofvibration forthe system 
This frequency of vibration was used to compute obtain 
' "value for the soil spring modulus as defined by Pauw (61). . This soil spring 


al 4 modulus was used to , compute the natural period of vibration expected for ai 


large radar foundation installation, 
- The test blocks were found to have natural frequencies of vibration generally 
between 15 cycles per sec and 20 cycles per sec. Based on the writers com- 
_ putations, the estimated natural frequency for the proposed radar foundation — 


— 

4 

| 
4 
| 

| 
q 

— 
4 
— 

frequencies, a point of maximum deflection was picked as the natural frequency , 

| 


ts agueutele 8 cycles | per sec. ‘This frequency of vibration is far enough 


£ from the natural frequency of vibration of the mechanical system so so that cou-— 
pling, or resonance, does not appear to be possible. 


wa 


c. ote For purposes of comparison, it is interesting to note the difference between 
dynamic and static test results. Prior to the vibration tests,a soilspring mod-— 


These 

were run n under repeated loading and unloading untila repeatable stress- 

_ | rome diagram was obtained. Assuming these stress-strain lines to be elastic, 

a: r spring ‘modulus was computed for the soil. This” modulus was found to be 

= 1/7 of the modulus obtained from the field vibration tests. ee yak 
“a In order to compare Mr. Richart’s paper with the writers field test data, a 

- series of computations were made on one of the test foundations using the au-— 

thors’ proposed procedure. pertinent facts on the installation are: weight 

4 of foundation = 26,100 lb; weight of oscillator (Wo) = = 5,600 lb; unbalanced ro- 


Foun mass (My) = 3.51 lb- sec2 per in.; eccentricity (1) = .105 in.; size of 


_ Foundation = 6 by 6 ft in plan dimension (36 sq ft) by 5 ft high; soil - moder-_ 
ately compact coral sand; modulus of rigidity (G) - - 1075 psi; Poisson’s Ratio, 
es: assumed () - 0.35; and unit weight of soil (y) - 120 lb per cu ft. The shear 
modulus was determined from the soil spring modulus developed in Pauw’s a 7 7 
-_ nalysis andrepresents an average value over the mass of soil that is assumed © 
& _ to vibrate with the foundation. The measured test values and those —— 


by the use of Mr. Richart’s method are 


frequency . 6 cycles per sec. 


A portion of the discrepancy may may be due to due to the fact that the modulus of ri- 
- gidity was determined by the use of Mr. Pauw’s methodof analysis and, , there- 
fore, would not be completely compatible with Mr. Richart’s work. 
The writers have made other field tests for vibrating equipment. 
search- -type. program ‘carried out in the vicinity of Martinez, California, 


: on existing compressor foundations and ona proposed compressor foundation, 

to develop a suitable type of foundation for the proposed compressor. Vibra- _ 
tions were measured at the > location of ¢ a compressor that had not performed if 
satisfactorily and also at compressors that had performed satisfactorily. Using 
the measured data, it was concluded that the ordinary approach of changing the 


_ dimensions of the compressor foundation would not be as effective and econom-_ 
is Wee The scope of the program was to obtain t three Siedtiaens vibration records © 
_ of frequencies and amplitudes. _ Four kinds of seismic equipment were used to 
4 measure the vibrations. Two of the seismographs were mechanical three pen- — 
= instruments. One had a natural frequency of 1 cycle per sec anda mag- | 
_ nification factor of 25. The second instrument had a natural frequency of 1.33 
a cycles per sec and magnification factors of 100 and 200. The third instrument : 
was” a 12-trace refraction-reflection seismograph although only four of the : 
traces were used. Two horizontal linear displacement type detectors having 
natural frequencies of 5 cycles per sec a and two vertical linear displacement 
type detectors having a natural frequency of 22 cycles ted 
D yp ng a na q cy cycles per sec were connec 
to the seismograph to record the four simultaneous traces. The fourth seis- 
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DISCUSSION, 
ae data obtained were used to compute ranges of frequency- amplitude r re- 7 2 
_ sponse of the proposed compressor. It was found that testing existing machine — 
_ foundations provided helpful data for designing adjacent foundations. © — 
— are many practical uses for the data described in the paper and the so 


Prevention of transmission of damaging vibrations to adjacent equipment. 
> ‘Prevention of damaging vibrations within the machine- foundation itself. 
ae & Prevention of settlement due to consolidation, compaction, or lateral 


4, Provision for isolation of vibration sensitive equipment. against exterior 7 


It should be quite obvious to those who are interested in vibrations and their = 


_ effect on engineering structures that ‘commercially available equipment is ; not 
exactly what is desired at this time. The equipment such as the Sprengnether | 


other single - pendulum low frequency ‘units can only m measure a certain range 
frequencies, accelerations, and amplitudes. No single piece of gear can ac- 
tually cover the entire range of needed measurements. It is, therefore, neces- 
sary to utilize several pieces of equipment with different ranges and charac-_ 
teristics for the performance of one job. | 
iA appears that the procedure proposed by Mr. Richart will provide a very _ 
_ useful tool in the analysis of foundation vibrations. Naturally, it is necessary 
* measure the elastic properties of the soil, as well as possible, and use these 
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1961 
12_The author po 
_ that in order to evaluate the dynamic characteristics of a foundation it is nec- 
a essary for the engineer to determine (1) the unbalanced forces and operating 
- frequencies of the vibratory machines, and (2) the shear modulus, G, the unit — 
weight, and Poisson’s ratio, of the underlying 
¥ xe ‘Test data have been assembled in Fig. 6 demonstrating that the compres- —_ 
wave velocity for or granular materials varies ; approximately withthe sixth 
af root of the confining pressure. Because a wave velocity is proportional to the | 
* square | root of the corresponding modulus, the modulus should be proportional — 14 
i to the cube root of the confining pressure. This is consistent with an ideal © 
granular medium (that is, theoretical for perfect spheres). 
~ es Laboratory data obtained from recent (1961) vibration tests completed by 2 
7 the writers are presented herein. These tests were performed on eveqonell 
a. soils compacted with modified Proctor energy, with the exception of the two 
clean sands that were tampedintothe mold by hand. 
‘a vibration apparatus similar to that described and illustrated elsewhere 
(62)2. was used in accomplishing the tests. With this apparatus, the ‘specimen 
is placed in a pressure chamber and the lower endof the specimen is subjected 
_ to minute, alternating forced vibrations, at a stress level far below the elastic 
limit. ‘The resonance frequency is obtained by observing which imposed fre- 
sa quency of vibration gives the greatest output amplitude of a crystal pickup “4 


¥ specimen being vibrated in this apparatus has been verified to correspond to 7 

the lower end clamped, the upperendfree, 
apparatus shown in another paper (63) were modified essentially in 


| 


and the other that applies torsional vibration to the soil specimen were com-— 
bined into one unit; this permits either type of vibration to be applied to the 
specimen as desired, without resorting to alternating transfer of the specimen 
ay _ between the two pieces of equipment. The advantages of this are obvious. The 
_—_," modification consists in enclosing the soil specimen within a 6 in. di- 
7 _ ameter heavy aluminum, air pressure chamber, thus permitting the sample to be- 
teeted under various confining pressures. These modifications merely change 
the configuration but do not change the basic principles of operation of the ap- ie as 
 paratus (63). (The Nevada samples were tested prior to combining the two | 


respects. The two types of apparatus, one that provides longitudinal vibration, 
= 


witch V is the velocity of propagation, in in. per sec; f the 
_ resonance frequency in cycles per sec; 1 denotes the length of specimen, in in. : e 


ea is Poisson’s ratio; k is equal t to the radius of gyration of cross section, “a : 


represents the compression modulus of elasticity, in ‘psi; denotes the 
3 unit sane in lb per cu in.; and g is the acceleration of gravity, in in. per sq 


Partner, Shannon and Wilson, Seattle, Wash. 
12 Engr., Shannon and Wilson, Seattle, Wash. 


2 
Numerals in refer to cor items in the Bibliography. 
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DISCUSSION 
< 
sec. he units are those herein, however, any consistent system of 1 units 
veal Poisson’s ratio may be w unknown for the soil being tested; but for an’ any ai as- 
sumed value of Poisson’s ratio, the maximum error introduced by neglecting © 7 
_ the term in parentheses in Eq. 41 will not likely exceed 1% 
this term can be and following used: 


"compute the compression modulus of from 


E 
pee 


> 
The samples reported herein in of 


1. q Clayey, gravelly sand (SC); three samples from Nevada, and one 
Pe. 4% Clean sand (SP); one sample, coarse to medium sand from California, — 
win the other, medium to fine sand from New Jersey, and 


gravelly sand (SM) from New Jersey. 


content, unit weight, and percentage. saturation. Though the percentage satu- 
‘ration for sample C-2 (wet) and NJ-2 was computed at the completion of the 
tests, as given, these two samples were fully saturated prior to testing. ‘Com- 


_ plete drainage was permitted for all samples throughout each test, oe 
_ The data obtained from these tests have been plotted on log-log graphs, and 
are presented in Figs. 18, 19(a), and 19(b) that show the effect of confining 
pressure on the compression wave velocity, on the compression modulus of 
elasticity, E, and on the shear modulus of elasticity, G, respectively. Fig. 18 
_ is plotted after Fig. 6 and includes some of the data assembled therein. 
S Samples C-1 and NJ-1 were compacted after removal of the plus 3/4 in. 
fraction. The reason for the pronounced deviation of these two samples from 
4 2 _ the general slope defined by the other samples is not definitely known. metres 
- testing of NJ-1, however, it was difficult to determine the proper resonant fre- 


hese samples are listed on Fig. 18 with the corresponding void ratio, water 7 


quency because double peaks were obtained for both longitudinal and torsional — 

vibrations. These two ranges of peak frequencies were nearly parallel in tor- 
_ sion, However, this was not evident for longitudinal vibration, and indicated 

_ possible overlapping of the two ranges, , particularly at lower confining pres- ; 


_ The validity of ‘the test data obtained from C-1 is questionable, though not 

ati objectionable for inclusion. ‘The specimen size, ratio of length to « di- 
_ ameter and general configuration of cap and i pickup crystals were considerably — 
different from the other specimens tested. It is also interesting to note that 
the lower three confining pressures may more correctly ae the relationship 


| 


a “a sional vibration tests. Poisson’s ratio may be computed by the following re-— ; 2 
lationship between the compression and shear moduli of — 
on 
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or C-1 than the —_— three. This would effectively —_— the slope of the 
line. However, this deviation from the line defined by the higher three values 
may be the result of imperfect contacts at some points of the soil grains under 
the low confining pressures, or even false frequency peaks due to improper 

of the sample. This deviation is also suggested in C-2 (wet). 
Sample C-1 nas nearly the same grain size gradation and water content as 

4 ‘the Nevada soils. In comparing these four samples in Fig. 18, it appears that on 

the slope of | the line defined by each sample decreases with decreasing void 
ratio (increase in unit and as This is 


- 3 tested in both the oven- compar saturated ‘state. or the clean is lower, 
. (Fig. 19(a)), in the saturated state than in the dry state, though this effectis _ 
i _ less important a asthe confining pressure increases. _ The effect of water content 
= the shear modulus, G, is less apparent ( Fig. 19(b)). It is noted that both an 
“saturated, ” clean, uniform sands, C-2 (wet) and NJ- 2, , are } nearly superim- | e2 


in which is the pressure, is of (Pe) obtained 
by the writers from the compression modulus curves (Fig. 19(a)), are found ~ 
to have the following values: 


42 
0.25, 
‘ 


; With the exception of nsessibins C-1 and NJ-1, , the exponent of the confining pres- 
gure for all samples approximates the value of 1/3 for the range of pressures _ 


‘Data given 1 by Wilson and Dietrich in a discussion to their paper (62) show = 
tha the exponent decreases with increasing confining pressure, that is in ac- — 
‘cordance with Duffy and Mindlin’ s curve for tests on steel balls. It ‘appears ars 7 
_ that whereas some granular soils show the exponent « of the confining pressure ae 7q 
re (Pc) to to approximate the value of 1/3, given in Eq. 44, , other granular soils may 
show - considerable variation in this recniaie No ‘explanation is | given for this 
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It is emphasized, however, 10 direct correlation of 
a the values reported with field performance of actual structures. 
62. “Effect of Consolidation Pressure on Elastic and Strength Properties of 
— ; Clay,” by S. D. Wilson and R. J. Dietrich, preprint from the June, 1960 F 4 i 
ASCE Research Conference on Shear Strength of Cohesive Soils, at Boul- 
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SEEPAGE. REQUIREMENTS OF FILTERS | AND PERV PERVIOUS BAS 


Discussion ion by H. J. Gibbs 


oa. GIBBS, 22 M. ‘ASCE .—The author has presented criteria for establishing | 


pom thickness by a practicable and rational method that should be a useful 
reference for filter design. The interesting feature of the paper is the em- - 
phasis on the importance of adequate permeability of the filter and not merely 
_ the requirement of 2 a filter that is more pervious than the protected soil. 
Extensive studies inthe Bureauof Reclamation for canal and spillway struc- 
- ete design, as as shown by K. P. Karpoff, M. ASCE, ” utilized the maximum flow 
fae material. The coarsest limiting gradationis affected by the ability of the 
filter to prevent entrance of the protected | material into the filter, clogging it 
= reducing the flow from the maximum that can be attained. On the other — 
’ hand, the filter must not consist of such a fine graded material that flow is re- 
= from being the maximum that can be attained. Limitations were es- 
_ tablished for two gradation values, the 15% size (D 15) and the 50% size (D509), a 
& the purpose > of guiding the filter gradation c curve to be one producing max- 
imum flow. It was believed that when very broad limitations were allowed that 
gradation could be misconstrued such that flow would be restric- 


@ and possibly be no better thanthe material protected. For this reason, flow 


measurements have always” been an important part of every laboratory test ; 


-made to evaluate the adequacy of a filter gradation selected. jo | 
. Mr. Cedergren has shown the importance of not only having a filter with © 
greatest permeability that still protects the soil, but knowing what the perme-_ 
— value of the filter is so that the dimensions of the filter can be estab- - 


li ermeabdl 
_ Although the author uses studies of he nets to establish the design dimen- 


sions of the filter, that is a method of study limited by the boundary conditions — 
chosen and generally used only on more important seepage problems, he has 
‘converted these studies to simplified charts that may be sufficiently accurate _ 

for solutions of many filter problems with reasonably similar boundary condi- _ 
tions. To: this end, this paper is a we welcome contribution t to the profession. 


.. October 1960, by Harry R. Cedergren (Proc, Paper 2623), 


2 Head, Special Investigations and Research Sect., Earth Lab. 


“The Use of Tests to Criteria for Protective Filters,” 
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MECHANICS OF TRIAXIAL TEST FOR SOILS? 


LAURITS BJERRUM,® and KWAN YEE L LO. order to 
of solution, a stress-strain relationship has to be introduced. The one chosen 


was rigid-plastic together wi th usual assumptions made in theories of plasticity. 
It is important, therefore, to note the deviations of actual soil behavior from 


‘made in plasticity theories when ‘applied to soils. AS the author dealt exclu-— 

sively v with sands, the discussion will be limited to granular | materials, although - 

of the remarks that follow apply to clays as well. 
The Non-Orthogonality of Plastic Strain Increment Vector and the Yield Sur- 

face.—One of the fundamental features of plastic theories, perfect or workhard-— 

ening, is that the plastic strain, when plotted as a vector in the stress space is 

normal to the yield surface or failure envelope (27). In the » terminology of 

plasticity, this is known as condition of normality 


- ani Consider the | simple case of an element of soil subjected to simple shear 
_ as shown in Fig. 14, The quantities o and Tare the applied compressive and 


“envelope for most cases may be ‘approximated by a straight line passing s through 

_ origin in the case of granular material. The condition of normality at once 

— requires that the components of the plastic strain increment vector to point in 
_ the directions as shown. Because the component Aen associated with dilatation — 
is in the direction of tension, expansion in voiume during failure is therefore _ 

a necessary condition to satisfy the principle of normality. Using this simple 

procedure to compare the theoretical values with experimental data, ‘the as- 


sumption of normality can readily be investigated. 


_ Anextensive series of triaxial teats ona fine sand obtained from Trondheim i" — 
“Fjord, Norway, has been carried out and results reported e elsewhere (28). q 

These tests include undrained tests with pore water pressure ‘measurements, : j 

_ drained tests, constant volume tests, isotropically and Kp-consolidated over a 


wide range of porosity. _ The results of these tests are illustrated in Fig. 15. a 4 


7 The values: of ¢both with and without correction for dilatancy (29) are plotted. 


4 § The most important feature inthe diagram is the rapid decrease inthe friction 


angle with high porosities, and failure in compression is accompanied by ; a am 
= 


volume deerease in this range. - Qualitatively therefore, the plastic strain in- 


_crement vector lies to the right of the normal to the failure envelope as shown 


» 
4 October 1960 he R. M. Haythornthwaite (Proc, Paper 2625). 
3 Dir., Norwegian Geotech, Inst., Blindern-Oslo, Norway. __ 
Civ, Engr., Norwegian Geotech, Inst., Blindern-Oslo, Norway. 
2 2 Numerals in parentheses refers to eaten items in the Ae 
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= the vector AB very loose | sand. On the other hand, , comparison of 1 meas- 
ox. ured volume increase with shearing strain for samples inthe dense range show- _ 
ed that the predicted dilatation far exceeds that observed and the inclination of 
the plastic strain vector is illustrated by the vector AC in Fig. 14(b). Indeed, b, 
the author’ s test results as contained in Table 2 indicate the same salient fea- 
t ture. e. The compression tests ‘showed a dilatation much less than the theoretical 
value, whereas the extension tests showed that the theory again overestimates 
oan The Non- Coincidence of the Principal Directions of Stresses and Strains in 


the Plastic Range. The second basic assumption made in a theories is 


“gtress and strain are coincident. “Whereas this principle is ach for plastic 
_ materials, there is no obvious physical reason that the same applies to fric- 
_ tional materials that soils are. It has been shown elegantly by Josselin de ll 
itlona, that both and experimentally and, under plane strain con- 


FIG. 14, —ELEMENT OF SOIL SOIL SUBJECTED D TO SIN SIMPLE ‘SHEAR coe 


In view of these limitations, it is immediately dence that theoretical ap- 
‘proach to conditions of failure in soils using plasticity theory appears unat- 
tractive unless reformulation or radical modification is carried out. This re- 

= the study of the outstanding yet \ unsolved ed problem of the stress-strain 


‘The object of phenomenological approach to study the behaviour of a mate- 
rial at the range of failure is to establish an analytical expression sufficiently 
general to include the effect of any combination of + eee, | Such an expression 

is usually too complicated for use for r practical purposes; but once e established, 

reduction to simple expressions can easily be performed with respect to spe- -— 
cial conditions. The assumptions and limitations involved inthe simplification — : 
can readily be perceived. In practice, failure mechanisms generally involve — 

_compression or shear. In establishing a failure criterion, therefore, there is. 


“both no grounds to to undue emphasis on extension 
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"DISCUSSION. 


so most experimental and field evidence suggests the validity of Cou-- 

lomb Mohr criterion of failure. ‘Unless and unti! more data is. available espe- 

cially for stress systems other than those attainable in the triaxial cell, neal 
_ formulation of a general failure criterion r must be considered as premature. , 
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+ Undrained tests 
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The . preceding brief ‘comments is not. intended as criticism of the a author’ s 


‘pine work. It is only by studying deviations from ideal cases rigor- 
_ ously tested that the act that the —— behaviour of a material can be delineated unam- 


biguously. 


27. % More Fundamental Approach to Plastic Stress-Strain Relations,” by D. 


“The Shear Strength of a Fine Sand,” by L. Bjerrum, Ss. . Kringstad, and Oo. 


29. Correspondance by by A. W. Bishop on “Shear Characteristics 18 of a Saturated 


~ Silt, Measured in Triaxial Compression,” by (A.D. M. Penman, Geotech- 
nique, Vol. 4, No. 1, 1954, pp. 43-45. —. 


¢ Drucker, Proceedings, U. Natl. Congress of Applied Mechanics, 1, 
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” by G.dJ.d. 
Brussels Conf. on Earth Pressure Problems, Vol. 1, 7 
31. «Statics and | aes in the Failable Zone of a a Granular Material,” - 
G.d.J. d. Jong, Thesis, Delft, Waltman, 1959, 


M. KIRKPATRICK, 5 A. M. E. —The question of the influence of the 


_ that the intermediate principal stress may have any value consistent with ‘ 
: definition without influencing the condition of failure. If this assumptionis cor- _ 

_rectand the failure theory is applicable, the friction angle parameter measured 
in the triaxial compression test should agree with that found for the different ol 
stress configuration obtaining in the axial entension test. The author does not _ 
find this agreement, and he refers to results of others including the writer 

in which agreement was obtained. Before the discrepancies between 


these quoted results can be cleared up, it must ae eeEnNaeS if comparison 


be e entirely s 80. 


_ the discussion to the 2nd session of the 4th Conference (32) (33) similar 
were argued, and some of the statements made then are equally ap- 


chosen ratio of stress and axial strain. It is emphasized that in the writers 
tests failure was defined as the peak point onthe ‘stress- axial strain curve, that 
in the tests of A. W. Bishop and A. K. G. Eldin (34) was also defined in — 
way. it is likely t that if failure is defined will 
| le modulus, such as that used 1 by the author, provides a means of sali 
_ the stress- axial strain curves. - Using the modulus to define a unique state of 
; a failure in the axial extension and the compression tests infers that the stress- 
Pi esacs strain curves for the two tests are comparable. The curves, however, 
_ express different conditions and are not comparable because in the compres- 
‘sion test the axial strain is a strain in the major principal stress direction, 
_ whereas in the extension test the axial strain is in the minor principal stress 
direction. It would, therefore, be surprising if the use of such a modulus could | 
= results giving equal angles of friction inthe extension andcompression 
_ The peak point on the stress-axial curve gives a yeancnahie definition of 
failure, and its use provides a convenient means of comparing the behavior of 
samples in triaxial compression and axial extension and also in other tests, 
such as the thick cylinder tests (21), in which the strain configurations are 
more complex andare not readily compared with the triaxial strains. The — 
ie represents a stage in the progress of failure of sands at which the max- 
zz ny condition is reached, a stage that is easily recognized. In . 


_ 


ig 5 Lecturer in Civ. Engrg., Royal College of Science and Tech., Glasgow, Scotland 
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‘dition, no assumptions are made strain relationships. 

_Haythornthwaite’ s results, evaluated at peak point conditions, would be of in- d 

It should be pointed out that the writer obtained further confirmation that the 

principal stress had no influence on the failure’ condition, for 

7 a _ Loch Aline sand, from additional extension tests not quoted by the author and 


from the previously mentioned thick cylinder tests. In these latter tests the 


09 had a value approximately equal to Me 

and the results gave angles of friction in close agreement with those found in 

a... yield criterion basedon a yield surface of triangular section such as cet 
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by AL A. W. Bishop and A. K. G. Vol 1, 1953, p. 190. 
EREMIN, 6 M. ASCE. —Inthe illustrating the method, Mr. 

a thornthwaite considered the plastic state of soil material when no energy of 


the analysis of bearing properties of soil material at a loaded structure site. 
> Inpractice it is often important to know not only the yield limits of the petra 
4 
_ relative axial and transverse pressures, but the maximum bearing os: 
. with the varied boundary stresses. Note that the boundary stresses vary with 
_ changes in the soil moisture content, chemical content of soil, temperature, % 
and magnitude of bearing stresses. Often, the magnitude of boundary etreenes 
_may be regulated for the assumed soil properties at the structure site. Sih 
ak: Inthe analysis of bearing stresses and soil stability, it is important to know © 
the factor to safety of the bearing stresses, 
rh The femme 5 stresses obtained from the triaxial test as 8 developed by the “s 


“inal yield surface at the slip planes is and is replaced bya new yield 


ae - surface that is a function of the conditions of stress at the slip ) planes. Along pas 


the slip planes the soil is reconsolidated to a new density. 
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her wishes to interject two thoughts: 
— W. JENIKE. ‘—The writer wis 


178 April, 1961 


oer Dilatation occurs in ‘the — region at the moment of the original failure. 
c Further deformation may involve no density change, or dilatation or, indeed, 


contraction, depending on whether pressures remain constant, decrease or in- 


® This explains the low experimental values of dilatation as compared w with the 
+ predictions based on continued dilatation at the original yield surface. _ aon)... 
= — (2) For cohesive sands, the . angle of internal friction ¢ is not constant but 
varies to a maximum that is probably 90° at the intercept of the yield locus 
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